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ABSTRACT

iii

Analysis of Small Faults in a Sandstone Reservoir Analog, San Rafael Desert:
Implications for Fluid Flow at the Reservoir-Scale
by
Leslie N. Clayton, Master of Science
Utah State University, 2019
Major Professor: Dr. James P. Evans
Department: Geology
We examined small-displacement faults in the Jurassic Entrada Sandstone
adjacent to the Iron Wash Fault, central Utah east of the San Rafael Swell, in order to
describe the nature and timing of past fluid movement and deformation in the Entrada
Sandstone. Using field studies, microscopy, and X-ray diffraction analysis, we identified
mineralized fractures and cementation features in association with deformation bands
and fractures at the interface of the Earthy and Slick Rock Members of the Entrada
Sandstone.
Where the faults cross the Earthy-Slick Rock Member interface, deformation
band faults in the Slick Rock Member become opening-mode fractures in the Earthy
Member. These fractures are frequently mineralized with calcite, and goethite
pseudomorphs after pyrite, providing evidence of at least two phases of fluid flow from
the Entrada reservoir into the caprock in connection with deformation bands. We also
observe mineralized fractures, poikilotopic cementation, and spherical to elongate
concretions on and within deformation band fins in the Slick Rock Member. These

features indicate the presence and movement of fluids parallel to and between
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deformation band fins.
At some sites, deformation band faults and fractures cross and offset the
interface; at others, they are present in both units, but deformation band faults do not
cross the interface and fractures are not directly connected to any bands. Mineralized
fractures are only found at breached-interface sites; evidence for fluid flow in the Slick
Rock Member is only found in deformation band fins. Interface crossing and fracture
formation is not related to proximity to the Iron Wash Fault.
We propose that mesoscale faults can act as seal bypass systems and allow fluid
leakage from reservoir rock into overlying less permeable rocks. Deformation bands act
as both conduits for and barriers to flow, seen most clearly in deformation band fins
where iron staining and mineralization is constrained between sets of bands within the
fin. In CO2 or wastewater injection scenarios, interface deformation may prevent
successful fluid trapping and cause re-emission of injected fluids.
(144 pages)

PUBLIC ABSTRACT
Analysis of Small Faults in a Sandstone Reservoir Analog, San Rafael Desert:
Implications for Fluid Flow at the Reservoir-Scale
Leslie N. Clayton
We examined small-displacement faults in the Jurassic Entrada Sandstone
adjacent to the Iron Wash Fault, central Utah east of the San Rafael Swell, in order to
describe the nature and timing of past fluid movement and deformation in the Entrada
Sandstone. Using field studies, microscopy, and X-ray diffraction analysis, we identified
mineralized fractures and cementation features in association with deformation bands
and fractures at the interface of the Earthy and Slick Rock Members of the Entrada
Sandstone.
Where the faults cross the Earthy-Slick Rock Member interface, deformation
band faults in the Slick Rock Member become opening-mode fractures in the Earthy
Member. These fractures are frequently mineralized with calcite, and goethite
pseudomorphs after pyrite, providing evidence of at least two phases of fluid flow from
the Entrada reservoir into the caprock in connection with deformation bands. We also
observe mineralized fractures, poikilotopic cementation, and spherical to elongate
concretions on and within deformation band fins in the Slick Rock Member. These
features indicate the presence and movement of fluids parallel to and between
deformation band fins.
At some sites, deformation band faults and fractures cross and offset the
interface; at others, they are present in both units, but deformation band faults do not
cross the interface and fractures are not directly connected to any bands. Mineralized
fractures are only found at breached-interface sites; evidence for fluid flow in the Slick
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Rock Member is only found in deformation band fins. Interface crossing and fracture
formation is not related to proximity to the Iron Wash Fault.
We propose that mesoscale faults can act as seal bypass systems and allow fluid
leakage from reservoir rock into overlying less permeable rocks. Deformation bands act
as both conduits for and barriers to flow, seen most clearly in deformation band fins
where iron staining and mineralization is constrained between sets of bands within the
fin. In CO2 or wastewater injection scenarios, interface deformation may prevent
successful fluid trapping and cause re-emission of injected fluids.
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INTRODUCTION
As the amount of anthropogenic atmospheric carbon dioxide (CO2) continues to
rise (Bernstein et al., 2008; Boden et al., 2017; Figure 1) and increased volumes of
industrial waste fluids are created during oil and gas production (Kondash et al., 2017),
the need for efficient, reliable methods of CO2 and waste fluid removal and storage also
increases. One proposed storage method for partial mitigation of atmospheric CO2
accumulation is geological carbon capture and storage (CCS), or the subterranean
storage of CO2 in deep saline or depleted hydrocarbon reservoirs (Freund et al., 2005;
Bernstein et al., 2008). In the short term, capture of CO2 would occur at point sources of
CO2, and geologic sequestration would be accomplished by stratigraphic and structural
trapping (Benson et al., 2005; Freund et al., 2005; Figure 2). One of the greatest risks to
this trapping method is the development of faults or fractures in the caprock that
develop into seal bypass conduits (Cartwright et al., 2007) that could allow CO2 to be reemitted to the atmosphere. Though large-scale faults and fractures are widely-studied
components of storage system models, the potential impact of micro- to mesoscale
fractures have been only minimally studied (Mozley et al., 2012), and the processes that
operate at the interface between reservoir and seal are not well constrained. Smaller
faults and fractures can constitute as much risk to caprock integrity as do larger features,
especially in areas where they cut from reservoir into seals (Raduha et al., 2016). Small
faults or fractures might provide small leak-off points into the overlying seal, which can
then create lateral and vertical fluid migration pathways along the interface out of the
reservoir.
This study aims to examine these smaller faults and fractures at the seal-reservoir
interface. Questions about the nature of deformation at the interface include: 1) How do

deformation features cross the interface from reservoir into seal? 2) What
characteristics of deformation features change along the exposed interface, and do they
relate to fault proximity? 3) Do deformation bands and fractures act as either conduits
for or barriers to fluid flow, or both? 4) What evidence of fluid flow is seen in deformation features?

Figure 1. Global CO2 emissions from fossil fuels, in teragrams (1012 g), 1751-2014. Figure
from Boden et al. (2017).

Figure 2. The primary process of CO2 trapping changes over time, relying on physical
methods in the period immediately after injection. From Benson et al. (2005).

2

Project Background
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The Intergovernmental Panel on Climate Change (IPCC) projects that global CO2
emissions will continue to increase during the 21st century, absent actions taken to
stabilize the concentration of atmospheric CO2 (Freund et al., 2005; Bernstein et al.,
2008; IPCC, 2018; Figure 1). For many scenarios examined in which CO2 emissions
increase, an average short-term 0.2°C surface air temperature warming per decade is
predicted (Figure 3); even in a scenario which holds emissions constant, a warming of
0.1°C per decade is expected (Bernstein et al., 2008). In order to limit anthropogenic
global warming to 1.5°C as recommended by the IPCC (IPCC, 2018), efficiently
mitigating anthropogenic climate change through the reduction of atmospheric CO2 is
critical.
Global atmospheric CO2 levels now exceed 403 ppm (Boden et al., 2017), and
2016 was globally the hottest in recorded history (NASA GISS, 2017), indicating that
efforts to reduce CO2 and methane emissions should be put into effect soon. Carbon
capture and geological sequestration is one method for reducing CO2 emissions (Freund
et al., 2005; IPCC, 2018) and is one of the proposed carbon stabilization wedges that can
reduce atmospheric CO2 accumulation (Pacala and Socolow, 2004). Geologic
sequestration requires the pure CO2 supercritical fluid be injected at depths greater than
~1 km (Plith > 7.6 MPa) so the CO2 is injected as and remains a supercritical fluid (Benson
and Cole, 2008). In the earliest post-injection period (10s to 100s of years), geological
sequestration depends on stratigraphic and structural (hydrodynamic) trapping; longterm fluid trapping occurs by solubility and mineralization trapping (Figure 2).

4

Figure 3. Projections for surface air temperature conditions through 2100 (Bernstein et
al., 2008). (A) Projections for three IPCC model scenarios plotted relative to
20th century record, and 2000 year concentration. (B) Projection of the geographic
distribution of surface air temperatures from three IPCC models. Modified from
Bernstein et al. (2008), p. 46.

There are many risks associated with hydrodynamic geologic trapping, one of the
greatest being upward CO2 migration and leakoff through caprock that has been critically
damaged by seal bypass systems (Benson et al., 2005; Cartwright et al., 2007; Pruess,
2008). This damage includes the development or enhancement of fractures, fracture
networks, and faults (Mozley et al., 2012; Pasala et al., 2013). In simulations, the
interface between seal and reservoir is frequently considered a ‘no-flow boundary,’ an
assumption that may be incorrect in the presence of interface-crossing faults, fractures,
or other structures (Mozley et al., 2012). Though simulations account for large (seismic
scale) fault zones, smaller fractures and faults are largely overlooked in CO2 studies, or
considered as always creating leakage pathways (Benson et al., 2005). These fractures
are critical to understanding CO2 migration, because fluid movement across interfaces is
controlled by capillarity, the tendency of a wetting fluid to flow in a narrow space against
the force of gravity (North, 1985; Antonellini and Aydin, 1994). For any fluid to rise into
overlying rocks without existing fractures, it must overcome capillary entry pressure,
which is controlled by sediment and fluid properties and is independent of seal thickness
(North, 1985; Antonellini and Aydin, 1994). The pore pressure required to create open-

mode fractures can be considerably lower than overburden pressure (Olson et al.,
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2009). In the presence of fractures or faults, grain-scale capillary entry pressure effects
would likely be superposed by fracture-controlled flow, depending on the hydraulic
properties of the fractures or faults. Seismic reflection data cannot be downscaled to use
as an analog for subseismic deformation, particularly due to a lower maximum
displacement-to-length ratio in deformation bands (Fossen and Hesthammer, 1997),
thus the sedimentological and deformation properties of rocks at the seal-reservoir
interface exposed in field analog sites are key for an accurate risk assessment.
The chief questions addressed in this research include: How does the
deformation common to the Slick Rock Member of the Entrada Sandstone extend across
the interface into the Earthy Member? What is the nature and timing of interfacecrossing deformation features? Do these fractures or fracture systems constitute
migration pathways for fluids, and if so, how? For fractures with evidence of fluid flow,
what are the associated flow characteristics?

6

Figure 4. Index map of the study area, San Rafael Desert, southeast Utah. Base 3.75’
quadrangle image modified from Utah AGRC (2017), natural color aerial photography,
UTM NAD83 projection; geologic map modified from Doelling et al. (2015).

Figure 5. Stratigraphic column of the San Rafael Desert area. Modified from Doelling et
al. (2015).

Deformation Bands

7

The Slick Rock Member of the Entrada Sandstone is marked by the presence of
prominent deformation bands — small, low-displacement faults without discrete
discontinuity surfaces, typical of deformation in high-porosity sandstone (Aydin, 1978b;
Aydin and Johnson, 1983). Maximum displacement of deformation bands tends to be
relatively greater in long bands than in shorter bands (Fossen and Hesthammer, 1997).
Bands exhibit lighter colors and higher relief than the host rock. They are interpreted to
have formed at depth through grain microfracturing and crushing, and inelastic shearinduced pore space collapse (Aydin, 1978b; Fossen and Bale, 2007; Okubo et al., 2009).
Deformation bands can be divided into three kinds: bands with little to no cataclasis,
bands with cataclasis, and bands with clay smearing (Antonellini et al., 1994). The type
of deformation band that forms is in part controlled by host rock porosity (Johansen et
al., 2005). In this study area, deformation bands in the Entrada Sandstone are
cataclastic-type (Aydin, 1978b; Fossen and Hesthammer, 1997), and early mapping of
bands confines faulting to the Slick Rock Member (Aydin, 1978a). In thin section, the
cataclastic band core is marked by an inner zone of small, poorly-sorted, consolidated
angular grain fragments with negligible pore space, and an outer zone of diminished
pore space with minimally fractured grains and deformed matrix (Aydin, 1978b, their
figure 8). This outer zone comprises about half of the hand-sample thickness of
deformation bands, the other half being the fractured inner zone itself (Aydin, 1978b).
Fossen and Hesthammer (1997) found that bands in the Goblin Valley area in the
southern San Rafael Desert occur in three arrangements: isolated bands, simple linkedband systems or zones, and aggregated cluster zones (Figure 6). Aydin and Johnson
(1978, 1983) follow a similar schema, grouping simple and aggregate systems together
and adding as a fourth category those multiple-band systems in which a slip surface has

developed. Deformation bands in isolated structures do not interfere with other bands
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as seen in map view, except where they cut or are cut by an older or younger band, and
have tip points more than ~40 cm from neighboring bands (Fossen and Hesthammer,
1997). Simple systems comprise parallel or subparallel deformation bands with
overlapping tips, and are of two sub-types: those with band segments that physically
touch and those with segments that do not (Aydin and Johnson, 1978; Fossen and
Hesthammer, 1997). Complex or aggregate systems form from many connected simple
systems interlacing with lenses of undeformed rock, and sometimes have a developed
slip surface (Aydin and Johnson, 1978; Fossen and Hesthammer, 1997; Bump and Davis,
2003). These zones have maximum thickness of approximately half a meter, with the
most highly developed zones comprising at most around 100 bands, though these are not
directly related (Aydin and Johnson, 1978). Thicker zones and zones with greater
numbers of bands do have greater total offset (Aydin and Johnson, 1978; Shipton and
Cowie, 2003), and have been shown in laboratory tests to be directly related to greater
axial strain (Mair et al., 2000). Within these aggregate systems, the site of deformation
continually shifts via strain hardening, forming new bands in a dense arrangement
(Aydin, 1978b; Fossen and Hesthammer, 1997); strain hardening is likely local to
individual bands (Mair et al., 2000). New bands tend to have approximately the same
strike and dip as older bands, and bands often inosculate (Aydin and Johnson, 1978).
Some bands may also dip in opposing directions, linking parallel bands and exhibiting
conjugate Riedel geometry or ‘laddering’ which, at the microscopic scale, can be used to
estimate slip direction where slickenlines are not present (Figure 7; Mair et al., 2000;
Bump and Davis, 2003; Schultz and Balasko, 2003). These linking bands form at regular
intervals in the stepovers between bounding bands (Schultz and Balasko, 2003). Slip
surfaces in the San Rafael desert are only observed in association with the outer borders

of aggregated deformation bands; they are marked by slickensides and striations, and
accommodate much larger offset than aggregated bands alone (Aydin and Johnson,
1978).

Figure 6. Four increasingly complex and well-developed deformation band
arrangements. (a) An isolated band. (b) A simple-linked system with two inosculating
bands. (c), (d) Aggregated cluster zones; in (d), a slip surface has developed at the
leftmost edge of the zone. From Aydin and Johnson (1983).

Figure 7. Outcrop example (A) and schematic illustrations (B-D) of conjugate Riedel
geometry, or ladder structures. From Schultz and Balasko (2003). Zone of bounding
bands in left photo is approximately 1m.

Deformation bands and band systems frequently develop in one or more sets.
Bands tend to form in two or four sets. Conjugate sets tend to intersect strikes at 60°
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angles; three or four sets have distinct orthorhombic patterns with a wide range of
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possible angles between strikes, preferring between 20° and 30° (Krantz, 1988; Fossen et
al., 2007). Cross-cutting and offset relations indicate that these sets develop
penecontemporaneously (Aydin and Reches, 1982). Bands are closely spaced when
nearer to faults, and widely spaced away from faults (Antonellini and Aydin, 1994).

GEOLOGIC SETTING
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The Entrada Sandstone in southern Utah is a Jurassic formation of interbedded
siltstone and sandstone, considered an exposed analog CO2 system (Allis et al., 2001;
Maskell et al., 2013; Figure 4; Figure 5). The uniform and relatively high permeability
properties of the Entrada Sandstone Slick Rock Member make it a good exposed analog
for geologic sequestration targets; the study of its deformation history and flow
characteristics associated with fractures and deformation band faults will add complexity
and subseismic heterogeneity to risk assessment models. The Earthy and Slick Rock
Members of the Entrada Sandstone (Figure 5) comprise the seal and reservoir analogs.
The interface between these members is exposed in a N-S striking 3.5 km outcrop at Iron
Wash on the northwest side of State Route 24 in the San Rafael Desert (Figure 4).
The San Rafael Desert east of the San Rafael Swell is composed of sub-horizontal
to shallowly dipping Mesozoic and Permian rocks on the east flank of the San Rafael
Swell (Figure 4; Figure 5; Hintze, 1988; Doelling el al., 2015). The San Rafael Swell is a
doubly plunging anticline, formed during the Laramide Orogeny and composed of a
western homoclinal limb and a steep eastern monocline (Bump and Davis, 2003).
Within the study area (Figure 4), the youngest exposed rocks are middle Jurassic, the
Entrada Sandstone being the uppermost unit examined here (Doelling et al., 2015). The
Entrada Sandstone is red- to orange-brown fine-grained sandstone to siltstone,
alternated with yellow to orange massive to crossbedded friable sandstone (Wright et al.,
1962; Aydin, 1978b; O’Sullivan, 1981; Peterson, 1988; Doelling et al., 2015). The
Callovian Entrada Sandstone is divided into two members, the upper Earthy Member
and the lower Slick Rock Member (Doelling et al., 2015). During the Callovian, eastern
Utah was a desert environment, punctuated by intermittent shallow sea incursions from
the north (Thompson and Stokes, 1970; O’Sullivan, 1981; Blakey, 2011). The dunes of

this desert formed the Slick Rock Member (Baker, 1946; O’Sullivan, 1981; Blakey,
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2011). The Earthy Member is a nearshore marine unit, deposited by the migrating tidal
flats and channels (Baker, 1946).
At Iron Wash and sites to its south, deformation bands tend to be pure dip-slip to
oblique slip, with some pure strike-slip, right-lateral being more common than leftlateral (Aydin and Reches, 1982; Bump and Davis, 2003; Schultz and Balasko, 2003;
Figure 8). Bump and Davis (2003) found that deformation band formation was coeval
with the formation of the San Rafael Swell monocline, based on the clustering habits of
deformation bands in the monocline itself and in the subhorizontal exposures of adjacent
strata. Their band studies determined σ1 to be S60°E (Bump and Davis, 2003; Figure 8).
Petrie et al. (2012). Harkins et al. (2013), Richey (2013), and Petrie (2014) use a range of
petrographic, geochemical, and textural data to show that many of the fracture systems
and faults formed in the subsurface, at depths of at least 1 km, and in some cases at
temperatures approximately 50° to 100 °C.

Figure 8. Stereonet of deformation band, fault, and slickenline orientations at Iron
Wash. Left-lateral offset is shown in grey; right-lateral is shown in black. Arrows indicate
the interpreted σ1 direction. Modified from Bump and Davis (2003).

Previous Work
In this region of the Colorado Plateau, deformation preceded and accompanied
fluid movement (Davatzes and Aydin, 2003; Harkins et al., 2013; Petrie, 2014). Mair et

al. (2000) observe that secondary porosity is introduced by axially oriented
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microcracks, which may allow for highly localized band-parallel fluid flow. Carbonate
cementation of bands and fractures is most commonly observed as evidence of fluid flow
(Antonellini and Aydin, 1994; Fowles and Burley, 1994; Eichhubl et al., 2009; Raduha,
2013; Richey and Evans, 2013). Eichhubl et al. (2009), Raduha (2013), and Richey
(2013) found evidence at some Entrada Sandstone exposures for hydrocarbon flow that
created the reducing environment needed for calcite precipitation. Precipitation may
also have been triggered by the circulation of hot fluids within bands, as suggested by the
presence of iron oxides in many deformation bands (Antonellini and Aydin, 1994).
Bleaching along or near fractures and deformation bands is another common feature
that records past fluid movement (Parry et al., 2004; Raduha, 2013; Richey and Evans,
2013), as is poikilotopic cementation (Shipton et al., 2004; Eichhubl et al., 2009;
Raduha, 2013).
These observations and Raduha (2013) show that deformation bands in the Slick
Rock Member at Iron Wash formed contemporaneously with fractures in the Earthy
Member, it is evident that interface-crossing deformation is present in the San Rafael
Desert. The small faults in the study area exhibit evidence for iron oxide and calcite
precipitation and fluid-rock interactions, including the presence of iron oxide marblelike concretions and iron staining in association with deformation band clusters. In light
of this, we examine the properties and distribution of fluid flow evidence at and away
from the Earthy-Slick Rock Member interface; the patterns of deformation density and
distribution that arise at interface exposures; how evidence of flow and deformation vary
with proximity to the Iron Wash Fault; and how subsurface stress and fracturing
patterns might be predicted.

The small faults examined here lie between the scales of structures examined
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by Flores (2014), Rasmusson (2016), and Curtis (2017) as the smallest displacement, and
the approximately 120 m throw examined by Richey (2013). This work also examines the
nature of small fault-top seal contact, where the Earthy Member of the Entrada
Sandstone appears to act as a seal (Kampman et al., 2014, 2016). Preliminary surveys
prior to this project indicated that iron staining may also have been concentrated along
freestanding deformation band cluster zones, or fins, and other off-interface exposures,
whereas 2D seal-reservoir interface sites were most likely to show ‘bleaching’ halos
(Raduha, 2013). Fins are dense freestanding clusters of deformation bands with
subaerial exposure (Figure 11), called band complexes, aggregate systems, or cluster
zones by other researchers (Aydin and Johnson, 1978; Fossen and Hesthammer, 1997;
Bump and Davis, 2003).

METHODS
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To address the question of how micro- to mesoscale (mm to 10s of m)
deformation features that cross the seal-reservoir interface might affect fluid flow, this
study examines the mechanical nature of deformation and possible historic flow in an
exposed analog CO2 system, the Entrada Sandstone of southern Utah (Allis et al., 2001;
Maskell et al., 2013; Figure 4; Figure 5). Fieldwork focused on mesoscale site and small
fault-fracture zone descriptions, sampling for laboratory analysis, and mapping. Initial
reconnaissance and site descriptions were conducted with partners from New Mexico
Institute of Mining and Technology (NMT) who focused on the sedimentological
description of chosen sites (Raduha, 2013). Field sites have well-exposed caprock sealreservoir interfaces, exhibit evidence of deformation, and are adjacent to control sites for
comparison of deformed to undeformed rock (Figure 9). The deformation style within
approximately 2 meters vertically of the interface was examined, particularly to
differentiate Mode I fractures from shearing fractures and to identify fracture properties,
including orientation, aperture, and mineralization. Fracture densities at key sites were
inventoried on scanlines to determine band and fracture distribution, using the interface
itself as the transect and a tape measure to record distance along the transect. Structural
data, including strike and dip, thickness/aperture, height, offset, and band/fracture
spacing were collected and entered into a digital field database. These fracture data are a
minimum estimate of the fractures present in outcrop, as there are fractures not
intersected by the scanline (Dinwiddie et al., 2006). Where possible, a Schmidt hammer
was used to collect compressive strength data. The Schmidt N-Type hammer measures
the elastic rebound that results from a spring-loaded pin impacting the rock face.
Schmidt hammer rebound values (R) are related to the compressive strength of the
material tested, and are a proxy for the elastic strength of the rocks (Petrie et al., 2012).

In this study, R values are used as a relative index for strength, and are not converted
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to MPa. Rebound testing was conducted parallel to the deformation band plane in the
Slick Rock Member, and both parallel and perpendicular to bedding planes in the Earthy
Member (Figure 10).

Figure 9. Field site features, ISS-1. An ideal interface field site has visible deformation,
an exposure of both seal and reservoir, and undeformed rock immediately adjacent to
deformation bands and fractures.

The Earthy and Slick Rock Members were examined for evidence for alteration
that indicated flow history along fractures, including bleaching or iron staining at both
vertical interface outcrops and deformation band fins. Though the seal has completely
eroded from above Iron Wash fins, the 3D exposure allows better access to slip surfaces
and flow alterations. The mesoscopic analyses included examining evidence for crosscutting relationships to establish relative timing of small faults, fracture formation,
alteration, and mineralization.
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Figure 10. Schmidt hammer testing locations, ISS-1. (A) A grid of 42 test points in the
Slick Rock Member on and around the deformation band faults (indicated with red
outlines); (B) a line of five test points in the Earthy Member. An additional six Earthy
Member points were tested in continuation of the line shown. Each test point was
scraped clear to reveal fresh surface before testing. Chisel shown in both panels for scale.

Figure 11. A typical Iron Wash deformation band fin, ISS-7. View is to the west.
Deformation band fins are subaerially exposed, complex aggregate systems of clustered
deformation bands.

Field-based permeability of seal and reservoir rocks at interface sites were
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analyzed using the TinyPermII tool1. TinyPermII is a portable air permeameter used to
survey permeability differences between undeformed caprock and reservoir, bandadjacent caprock and reservoir, and the deformation bands themselves. In this method,
air is removed from the sample rock using the TinyPermII nozzle; the tool
simultaneously measures the time for atmospheric pressure to be restored. Calibration
charts provided with the tool convert time results to permeability. Permeability data are
given in Raduha (2013, their Appendix B) and Raduha et al. (2016).
The contact between the Earthy and Slick Rock Members was mapped using a
handheld Garmin GPSMAP 60 unit along ~1 km of the contact, beginning ~400 m westsouthwest of the contact’s western intersection with State Route 24 and ending ~900 m
northeast of its termination in the Iron Wash Fault (Figure 12). We combine the GPS
measurement with mapping in Google Earth Pro to map the interface contact and
features (Figure 12; Table F1). Points were typically measured to an accuracy of 5 m.
Except as otherwise noted, aerial photography used to determine contact location and
mesoscopic fault structure is modified from Google Earth Pro imagery.

1

http://ner.com/laboratory-systems/tinyperm-ii.html
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Figure 12. Waypoints recorded at Iron Wash. The latitude and longitude for each point
are listed in Table F1.

Multiple samples of the primary and adjacent bands in the Slick Rock Member
and fractures in the Earthy Member were collected for thin section preparation (Table
A1; Table B1). Forty-one thin sections (Figure B1) were used for optical microscope
analysis of microfractures, to determine the presence and type of fracture fill, nature of
cementation, and primary sedimentary textures, with the aim of describing the
relationship between sedimentological variation and the development of fractures at the
grain scale. Thin sections were digitally photographed in multiple segments with crosspolar light using the Leica Transmitted Light Base cross-polarizing system MGD-41
camera, then stitched together using the Photomerge tool in Adobe Photoshop CS6.
Twelve samples were prepared for X-ray diffraction at the Utah State campus laboratory.
Diffraction of powdered samples was run with a PANalytical X’Pert Pro X-ray Diffraction
Spectrometer. All samples were run at 45 kV and 40 mA, with a 1 second per 0.02º step
size over a range of 2º to 75º. The XRD analysis provides the mineral components of the
samples.

RESULTS
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Field Observations
The study site contains an exposure of the Entrada Sandstone in a 0.25 km2
region east of the San Rafael reef, with horizontal bedding planes at the upper ground
surface (Figure 4). Located directly west of State Route (SR) 24, the contact between the
Earthy and Slick Rock Members is visible from its intersection with SR 24 near mile
marker 145 to the Iron Wash Fault at 38°44'10.6"N 110°29'15.5"W. The Iron Wash Fault
is a 25 km-long normal fault, with fault strike approximately 310° to 325° in this field
area (Richey, 2013). In the Iron Wash, the Earthy Member forms the upper, highwaylevel ground surface, which west of the highway drops on average 3 to 4 m to the lower
ground surface formed by the Slick Rock Member. On this cliff face, the contact between
the Earthy and Slick Rock Members ranges from well defined to ambiguous, often
obscured by erosion. In many places a 1 to 15 cm-thick green-grey shale layer, the basal
layer of the Earthy Member, marks the contact. The Earthy Member is red to yellow
(with the exception of the basal layer), silty to shaley, and prone to open fractures; the
Slick Rock Member is yellow, sandy, friable, and cut by deformation bands. Along the
map-view length of the contact, deformation band fins are on average 130 m apart, and
median exposed fin length is 82 m.
This study comprises nine Interface Study Site (ISS) locations (Figure 13; Table
1). The ISS locations were originally numbered as exposed interfaces for study; with
further field surveying, a number of aerially exposed deformation band fins were also
included as numbered ISS locations. Sites ISS-1, 5, and 6 are interface sites with
exposures of the Earthy-Slick Rock Member interface and interface-crossing or -adjacent
deformation; ISS-3, 7, 8, and 9 are freestanding deformation band fins (Figure 4; Table

1). The interface is also present at ISS-2, but this site was used exclusively for
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TinyPermII sampling of the Slick Rock Member and is not discussed in this study. As
there is essentially no difference in stratigraphy and petrography between ISS locations,
TinyPermII and Schmidt hammer tests were conducted only at site ISS-1, and are taken
as representative of all ISS locations in this study.

TABLE 1. INTERFACE STUDY SITE NAMES, LOCATIONS, AND KEY FEATURES
Site name
Location
Key features
ISS-1
38°44'49.11"N
Earthy-Slick Rock Member interface,
110°28'11.95"W
mineralized fractures, interface-crossing
deformation
ISS-3
38°44'50.75"N
Slick Rock Member fin, elongate concretions,
110°28'16.66"W
poikilotopic cementation, iron oxide
mineralization
ISS-3a
38°44'52.87"N
Slick Rock Member fin, elongate concretions,
110°28'17.85"W
iron oxide mineralization
ISS-5
38°44'41.78"N
Earthy-Slick Rock Member interface,
110°28'20.00"W
mineralized fractures, interface-crossing
deformation
ISS-6
38°44'50.47"N
Earthy-Slick Rock Member interface, interface110°28'11.94"W
crossing deformation
ISS-7
38°44'38.54"N
Slick Rock Member fin, slickensides, iron oxide
110°28'27.19"W
and calcite mineralization, elongate
concretions
ISS-8
38°44'36.89"N
Slick Rock Member fin, iron oxide
110°28'30.18"W
mineralization and concretions, poikilotopic
cementation
ISS-9
38°44'33.50"N
Slick Rock Member fin, iron oxide
110°28'32.61"W
mineralization, mineralized fractures,
slickensides
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Figure 13. Locations of ISS study sites in this work, indicated by blue circles.

ISS-1
Site ISS-1 is located at the north end of the study area (Figure 14; Table 1). At this
site, the Earthy-Slick Rock Member interface is present at a near-vertical exposure of the
Entrada Formation. Here and at other ISS locations, the Entrada members are near
horizontal. The interface between them is identified by a layer of greenish sandy shale,
approximately 15 cm thick, which marks the base of the Earthy Member (Figure 14). The
Earthy Member comprises layers of resistant sandstone and siltstone, and slope-forming
shale. Total exposed Earthy Member thickness is approximately 3 meters. Above this the
Earthy Member is eroded to form the upper ground surface at highway-level. The shales
are typically red-brown to orange-brown, with the notable exception of the greenish-grey
basal shale; fresh surfaces of the siltstones and sandstones are yellow to yellow-orange,
with some weathered surfaces having a discolored veneer of red-orange. The Slick Rock
Member is composed of poorly cemented quartz sandstone, which is generally yellow to
light yellow on fresh surfaces. Outcrops and exposures of the Slick Rock Member are
typically at least 2 m thick, and form the lower ground surface at interface exposures and
deformation band fins until the transition into the Carmel Formation 250 to 550 m west

of the interface. Previous and co-researchers found the average permeability of the
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Slick Rock Member sandstones at ISS-1 is 3.482 x 10-12 m2; average permeability of the
Earthy Member sandstones ranged from 9.9 x 10-16 m2 immediately adjacent to
mineralized fractures, to 5.5 x 10-14 m2 at all other positions (Raduha, 2013).
Permeability measurements of the shales and siltstones were below the minimum
TinyPermII resolution, and were instead assigned permeabilities of 4.9 x 10-19 m2 (shale)
and 5.4 x 10-18 m2 (siltstone) based on the work of Brace (1980) (Raduha, 2013).

Figure 14. Overview of ISS-1, showing offset of the Earthy-Slick Rock Member interface,
photo (A) and schematic of deformation features (B). Fractures are shown in blue,
deformation bands in red. The interface contact (black) is dashed where projected
beneath sediment cover. Photo is looking east; scale is at the interface and deformation
bands.

The Earthy and Slick Rock Members have approximately 3 m total combined
vertical exposure at ISS-1. The main deformation band orientation is 297°/68°S;
secondary bands are subparallel to the main deformation band. The typical orientation
of antithetic bands is 293°/72°N. The deformation band offsets the Earthy-Slick Rock
Member interface by approximately 12 cm (Figure 14). In the Slick Rock Member,
average band cluster zone thickness is between 1 and 5 cm; the 1-cm measurements are

near to the interface, and the 5-cm are at the intersection of the deformation band and
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the lower ground surface, widening evenly between the two interfaces (Figure 14).
Subparallel and antithetic bands are at most a few millimeters thick. In the Earthy
Member, we observe normal offset of less than 1 cm, increasing to 12 cm at the bed base.
The wider fracture zones are filled with 1 to 8 mm thick dogtooth calcite in the footwall
(Figure 15). Average crystal width in these fractures is approximately 1-3 mm.

Figure 15. Calcite-filled fractures in the Earthy Member, ISS-1. View is approximately
southwest. Individual fractures are traced in black; numbered fractures 1 and 2 are
indicated in both panels. Fractures are mineralized with dogtooth calcite crystals 1 to
3mm wide. Sample IW 102613-1 was collected at point S (B).

Two 1 m interface scanlines were measured at ISS-1, one centered on the main
deformation band, the other 4 m south of the band (Figure 16). At the first location, four
Earthy Member fractures were measured in addition to the primary deformation band
and fracture, for an average fracture density of 5 fractures per meter. At the second
location, one vertical Earthy Member fracture was measured, average fracture density 1
fracture per meter. This pattern of fractures clustered close to a deformation band, and

minimal deformation features in the interface more than 1-2 m from a deformation
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band, is common across all ISS sites in this study, so off-band scanlines were not
measured at the other ISS locations.

Figure 16. Schematic diagram of scanline measured at the main deformation band, ISS-1.
Layer thickness is not to vertical scale.

Schmidt hammer rebound values (R) from ISS-1 (Figure 10) are presented in
Table D1. R values in the Slick Rock Member range between 10 and 44, with an average
value of 22.5 and median value of 21. In the Earthy Member, R values are between 8 and
22; the average value is 13, and the median is 10, indicating lower rock strength than the
Slick Rock Member. Compressive strength results from the Schmidt hammer are likely
underestimated (Petrie et al., 2012). Where Table D1 lists “no result” (NR), the tested
rock crumbled or was otherwise destroyed by the hammer pin, and is interpreted to have
a compressive strength below the lower detection threshold of the Type N hammer.
Sample IW 102111-10 (Figure 17) was taken adjacent to the primary deformation
band and contains anastomosing/inosculating deformation bands, including a slip
surface parallel to the face of the sample. Sample face orientation is 290°/63°N. Band
zone thickness at point S, Figure 17B, is 60 mm; at the narrowest point, zone thickness is
17 mm.
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Figure 17. Sample IW 102111-10, Slick Rock Member at ISS-1; fresh hand sample (A) and
epoxy-impregnated for thin section billeting (B). Face-parallel slip surface begins at
point S (B), and extends the length of the sample parallel to the lower green line.

Samples IW 8911-4a and IW 8911-4b, two parts of one larger sample, were
collected from the primary deformation band at ISS-1 near the lower ground surface
(Figure 14), and capture one of the rare slickensides seen at this site (Figure 18). This
sample features an amalgamated deformation band zone, 26 to 30 mm thick. The
orientation of the deformation band is 240°/60°S.

Figure 18. Samples IW 8911-4a and -4b, Slick Rock Member at ISS-1. Sample is taken
from the lower part of the primary deformation band. An exposed slickenside is
indicated in the left panel, point SL. 4a is on the left half of both panels, 4b on the right.
Both samples have been epoxy-impregnated for stability during billet preparation.

IW 102613-1 samples the mineralized fractures from the lower Earthy Member
sandstone layer, in the hanging wall of the deformation band at ISS-1 (Figure 15; Figure
19). These samples contain macroscopic calcite crystals ranging in size from <1 to 3 mm

across, and measure approximately 5 and 9 cm on their longest sides. A slice of the
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smaller piece crossed by an internal fracture was prepared for thin section; the fracture
is 1 to 2 mm wide and forks in a Y-shape on one side (Figure 19B).

Figure 19. Sample IW 102613-1, Earthy Member at ISS-1. Mineralized fractures from the
Earthy Member sandstone in hand sample; leftmost sample in A is prepared for thin
section billet in B. Samples are pictured in their original outcrop orientation in the lower
panel of Figure 15, point S.

ISS-6
Site ISS-6 is approximately 40 m north of ISS-1 (Figure 20; Table 1). This site
features an intersection of fractures in the Earthy Member and deformation bands in the
Slick Rock Member with the Earthy-Slick Rock Member interface. The interface
exposure at this site is on a low-angle slope. The orientation of the main band that meets
the interface is 295°/66°N, and secondary bands are oriented 264°/48°E. In a minority
of intersections between the two band sets, the main band orientation is offset by the
secondary set (Figure 21), but in most cases no offset of either set is apparent. Where the
main band is composed of amalgamated bands forming the zone of deformation, zone
thickness is 1 cm; where the band cluster opens into separated
anastomosing/inosculating individual bands, the total deformation zone thickness is
between 3 and 5 cm. No poikilotopic cementation or iron oxide features were observed at
ISS-6. The primary deformation band extends up to the Earthy-Slick Rock Member

interface, but does not cross into the Earthy Member (Figure 20). A 1-m scanline was
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measured along the interface, centered on the deformation band (Figure 22; Table C1).
Four fractures in the lower Earthy Member were measured in addition to the main
deformation band on this scanline, of which none cross the Earthy-Slick Rock Member
interface, none are evidently mineralized, and none continue up-section beyond the silty
sandstone layer in which they were measured (Figure 23).

Figure 20. Overview of ISS-6 looking east, photo (A) and schematic diagram (B). At this
angle, the uppermost portion of the central deformation band is not visible, and is shown
dashed in the schematic (B). The interface line (black) is dashed where covered. White
scale card in (A) measures 15.2 cm on its longest side.
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Figure 21. Offset deformation bands at ISS-6. The main band set (A) (orientation
295°/66°N) is offset 2.5 mm by the crosscutting set (B) (orientation 264°/48°E). Most
deformation band intersections at ISS-6 do not offset either band set.

Figure 22. Schematic diagram (left) and stereonet with rose diagram (right) of scanline
measured at the ISS-6 interface. Layer thickness in the diagram is not to vertical scale.

Figure 23. Fractures in the lower Earthy Member, ISS-6. Fractures connect to, but do not
cross, the Earthy-Slick Rock Member interface, located approximately 15 cm below the
measuring tape. View is to the east; Brunton transit is shown for scale and does not
indicate orientation.
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ISS-3

ISS-3 and ISS-3a are subaerially exposed deformation band fins in the Slick Rock
Member, located west of ISS-1 and ISS-6 (Figure 24; Figure 25; Figure 26). The
deformation band fin at ISS-3 is approximately 58 meters long and between 1 and 2
meters high, with a thickness between 20 and 40 cm (Figure 25). Fin orientation is
277°/85°N. The deformation band fin may be a continuation of the deformation band at
ISS-6, based on aerial imagery (Figure 24). Bulbous flow-like protrusions that resemble
flute casts are frequently present on the southern face of the fin (Figure 27). These are
interpreted as the elongate concretions described by Mozley and Goodwin (1995),
features from preferential cementation that are considered to form parallel to fluid flow
direction. Poikilotopic cementation on and between bands (Figure 27), iron staining
(Figure 28), and iron oxide mineralization between bands (Figure 29) are also seen. Iron
mineralization trends parallel to the strike of the bands. Where iron staining is seen, the
staining is generally confined within bands, though other bands occasionally are seen
crossing through a stained area of the fin (Figure 29).

Figure 24. Locations of ISS-3 and ISS-3a relative to other northern interface sites. Green
line indicates the possible connection of ISS-3 to the interface at ISS-6; white lines are
the observed traces of ISS-6, ISS-3, and ISS-3a.
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Figure 25. Segment of the ISS-3 fin. Photo is looking east towards ISS-1. The
deformation band fault dips 85°N here.

Figure 26. The ISS-3a deformation band fin as seen from ISS-6. View is to the northwest.
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Figure 27. Bulbous elongate concretions and exposed poikilotopic cementation on the
southern fin face, ISS-3. Four individual concretions are indicated with white arrows. A
zone of poikilotopic cementation is to the right of the concretions, at point A.

Figure 28. Intra-band iron oxide features at ISS-3. (A) iron “fingers,” which are iron
oxide-rimmed hollow concretions. (B) blocky iron oxide mineralization between
deformation bands.

Figure 29. Iron staining bounded between deformation bands within the ISS-3 fin.

The ISS-3a fin is of similar dimensions to the ISS-3 fin, approximately 45
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meters long as measurable in the field, and approximately 1.5 m high (Figure 26). As
measured on aerial imagery, the total exposed length may be closer to 95 m (Figure 24).
Fin thickness is 30 to 40 cm at the westernmost accessible end, 125 to 200 cm measured
4 m east of the western end, and approximately 50 cm at the easternmost accessible end
(8 m east of the western end). Ground access to the fin further east is limited by unstable
or absent ground surface. The fin orientation is 290°/88°N. Band amalgamation density
is greater at the east end of the fin than at the west end. The ISS-3a fin also has intraband features similar to ISS-3, such as iron oxide concretion balls and “fingers,” and
elongate concretions (Figure 30); however, poikilotopic cementation was not observed
during this study. A central damage core with slickensides interpreted as slip surfaces is
also present (Figure 31). Slickensides were not sufficiently exposed to measure rake,
though sense of slip is approximately parallel to fin dip.

Figure 30. Iron oxide concretions (left) and elongate concretions (right) on the ISS-3a
fin. The dashed line in right panel indicates the typical rake of concretions at this
location.
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Figure 31. Central damage core of ISS-3a deformation band fin. Arrow indicates the
exposed face with slickensides (SL).

Samples IW 8811-1 and IW 8811-5 were collected from the deformation band fins
at ISS-3a and ISS-3, respectively. IW 8811-1 is a representative section of the elongate
concretions seen in Figure 30. Orientation of the surface plane and parallel internal
deformation bands is 100°/69°N; rake of the concretions’ long axes is 77°E. Individual
concretions are 5 to 6 cm long. Sample IW 8811-5 (Figure 32) contains poikilotopic
cementation sandwiched between two sets of deformation bands. A single deformation
band surface in the upper band is oriented 115°/69°N, which is representative of the
orientation of the entire set. The cemented zone is a yellow to light yellow quartz
sandstone similar to the host Slick Rock Member sandstones in the Iron Wash area, with
2 to 4 mm wide balls of poikilotopic calcite cementation. Thickness of the cemented zone
is 7 to 10 mm. Traces of similarly cemented sandstone are also found on the upper and
lower surfaces of the sample. Development of the poikilotopic cement between and
around the deformation bands implies cementation occurred post-deformation.
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Figure 32. Sample IW 8811-5, ISS-3. This sample comprises two main sets of
deformation bands surrounding an approximately 9 mm thick section of poikilotopically
cemented Slick Rock Member sandstone host. Inner surface is shown opened parallel to
dip direction.

ISS-5
ISS-5 is an Earthy-Slick Rock Member interface exposure with two deformation
band sets on the north side of a gully approximately 300 m southwest of ISS-1 (Figure
13). At this site, two subparallel aggregated deformation bands cross and offset the
interface. These bands, referred to as North Band and South Band, are between
approximately 30 and 60 centimeters apart (Figure 33), the distance between them
being widest at the bottom of the gully and narrowest at the Earthy-Slick Rock Member
interface. North Band can be projected across the gully to the southwest wall, where
offset at the projected interface indicates the continuation of the band in Earthy Member
and Slick Rock Member rocks on the southwest side of the gully. No deformation bands
are exposed at the surface on the southwest side, and the precise amount of deformation
could not be measured (Figure 33), but aerial photography indicates a possible
continuation of North Band another 52 m to the west (Figure 34). The trace of South
Band is lost at the gully floor, where the end of the trace is obscured by rubble, and the
band cannot be traced on the southwest wall.
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Figure 33. North and South Bands and the Earthy-Slick Rock Member interface, ISS-5.
(A, B) North is to the left, and Location F is indicated in both. North and South Band are
sketched in black, the line dashed where the trace is inferred. (C) View is to the west. The
interface is sketched in white; line is dashed where the contact is inferred. Inferred offset
is approximately 1.5 m.

Figure 34. Projected extent of North Band, ISS-5. Measured traces of North and South
Bands are outlined in white; the projected extension of North Band is in green.

The primary orientation of North Band is 285°/87°S. The core is 1 to 1.5 cm thick
at the upper part of the slope near the interface. The maximum thickness of 13 cm is
measured near the gully floor, where fin orientation is 291°/84°N. Just above the

interface in the headwall, North Band turns slightly northwest in the Earthy Member,
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orientation 280°/70°N (Figure 35), and is untraceable from just above this point through
the rest of the Earthy Member exposure. On the northeast wall of the gully, the interface
is offset approximately 1.5 m (Figure 35; Figure 36). Both the fault core and mineralized
fractures in the Earthy Member are bleached (Figure 35). Earthy Member fracture width
varies, with some between 1 and 3 mm, and some between 10 and 20 mm. Some larger
fractures are completely filled with calcite mineralization (Figure 37).

Figure 35. Bleached Earthy Member fractures, ISS-5. White inset box (A) is expanded at
right (B). Some bleached fractures in the Earthy Member are sketched in black (B).
Additional fractures and details of the right panel are shown in the schematic geologic
model, in Figure 36.
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Figure 36. Schematic geologic model of the ISS-5 interface. Outcrop photo of black boxed
area is shown in Figure 35, right panel. Modified from Raduha (2013).

Figure 37. Calcite filled fractures perpendicular to the strike of deformation bands, ISS-5.
The surface facing the viewer (A) exposes the interior of one such fracture. Crystals in
some fractures are 1-2 cm wide (B).

The South Band average orientation is 290°/85°S. The band averages 18 cm (+/2 cm) thick. Approximately 2 m downslope from the interface, weathered slip surfaces
are visible within the inner core (Figure 38). A 1 m scanline was measured, centered on
South Band where it crosses the interface on the northeast gully wall (Figure 39),

comprising the deformation band and seven fractures in the Earthy Member. All seven
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fractures in the 1 m scanline connected to but do not cross the Earthy-Slick Rock
Member interface. Access to North Band at the interface itself for scanline measurement
was not possible due to poor ground stability, but by visual estimation the number of
fractures connecting to the interface close to North Band is very similar to South Band,
though the fractures near North Band predominantly appear to dip north like the band
itself.

Figure 38. Weathered slip surface on South Fin, ISS-5.

Figure 39. Schematic diagram (left) and stereonet with rose diagram (right) of 1 m
scanline measured at South Band, ISS-5. Scanline measurement extends north along the
interface, beginning at South Band; layer thickness is not to vertical scale.

Samples IW 102111-9 and IW 102111-11 (Figure 40; Figure 41) were collected at
ISS-5. IW 102111-9 is taken from North Band, and its band-parallel face orientation is
300°/88°S. Here, the host sandstone is light yellow, grain-dominated, fine-grained

sandstone, with multiple white to off-white deformation bands both discrete and
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aggregated cutting along the face surface. The total deformation zone thickness is 12 mm
at the aggregate edge, and 48 mm at the discrete anastomosing/inosculating edge.

Figure 40. Sample IW 102111-9, North Band deformation band, ISS-5. Sample shown
looking up-dip (A) and down-dip (B). The deformation band is densely amalgamated at
end 2, and anastomosing/inosculating at end 1.

Figure 41. Sample IW 102111-11, side (A) and interior (B), Earthy Member at ISS-5.
Sample is cut on its west side (left end, B) by a 2-3 mm calcite-mineralized fracture,
orientation 208°/87°W.

IW 102111-11 was sampled from the deformation band footwall in the Earthy
Member. This sample is red-orange and yellow silty sandstone, composed of wavy to
convolute laminae. The orientation of the calcite-filled fracture within the sample is
208°/87°W. A thin section billet was prepared perpendicular to the fracture, as outlined
in green in Figure 41B.
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ISS-7
Site ISS-7 is a 54 m long deformation band fin with an adjacent 63 m wide
damage zone (Figure 42; Figure 43). The fin has three orientation trends (Figure 44).
The main orientation of deformation bands and the axis of the fin is on average
321°/54°S, with a second set of bands oriented 300°/63°S that outcrop intermittently

within the fin. At the east end of the fin, two subparallel amalgamated band sets intersect
the larger deformation band fin, both sets with approximate orientation 268°/65°S. The
deformation band fin at ISS-7 is also thicker than fins north of it, up to 120 to 150 cm
thick in the central section of the fin, and between 6 and 80 cm thick on the eastern and
western exposed ends of the fin. None of the bands either from the main fin bands or the
intersecting bands made a clear intersection with the interface at this site, nor was a
scanline taken, as the interface itself was heavily obscured beneath weathering and
sediment and could not be identified.
Adjacent to the north face of the deformation band fin is a damage zone that
extends 63 m north of the fin, composed of high-relief tabular deformation bands in a
classic rhomboid-lattice pattern (Figure 42; Figure 46; Figure 47). Thirteen orientation
measurements were taken at random from bands in the southernmost 30 m of the zone
(Figure 48). The bands form two general trends, one north-dipping and one southdipping, and appear to have developed penecontemporaneously, as the sets are mutually
offset by each other. Bedding planes are visible in most of the damage zone, and at least
one band has elongate concretions on its surface.
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Figure 42. Overview of ISS-7 fin and damage zone, outcrop photo (A) and schematic
diagram (B). Two sections of damage zone north of the fin are shown; the fin itself is
shaded grey. Red arrow points to 15.2 cm scale card placed on outcrop. View is to the
ESE.
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Figure 43. Deformation band fin and adjoining damage zone at ISS-7. White line
indicates the measured trace of the main fin; the damage zone (DZ) is outlined in blue.

Figure 44. Stereonet of deformation band orientations in the ISS-7 deformation band fin.

Figure 45. Secondary bands intersecting the deformation band fin, ISS-7.
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Figure 46. Damage zone immediately adjacent to the north side of the ISS-7 fin, photo
(A) and schematic (B).

Figure 47. North end of the ISS-7 damage zone. The plant at lower right is approximately
40 cm high.

45

Figure 48. Stereonet and rose diagram of deformation band orientation measurements,
ISS-7 damage zone.

The deformation band fin has similar features to the fins at ISS-3 and 3a,
including a central core zone of increased paleness relative to the surrounding bands,
greater resistance to weathering relative to the host rock, band-plane-parallel iron oxide
mineralization, additional iron staining, and well-developed iron oxide crystals in the
adjacent float (Figure 49; Figure 50). Iron staining is broadly, but not exclusively,
confined between bands internal to the fin (Figure 50). A notch in the central section of
the fin exposes short linking bands between deformation bands, parallel to each other
and roughly perpendicular to the long primary bands (Figure 52). These linking bands
resemble the ladder structures described by Schultz and Balasko (2003). Elongate
concretions are found in some places on the south fin surface (Figure 49B). A tufa-like,
possibly calcitic, mineralization is seen in patches on the northern side face of the fin
(Figure 51); this is likely fracture-filling material left behind after the erosion of the wall
rock. Slickenside fragments are exposed at scattered points across the fin surface, and
found extensively in nearby float. On one exposed slip surface within the fin, slickensides
rake 59°W.
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Figure 49. Fin core development and white central zone (A) and elongate concretions on
the southern fin face (B), ISS-7. Dashed line in lower panel is parallel to the long axes of
the concretions.

Figure 50. Iron staining in the western end of the ISS-7 deformation band fin. In some
areas, staining is bounded between bands within the fin (A); in others, staining appears
to be independent of bands (B, C).
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Figure 51. Tufa-like mineralization on the north face of the ISS-7 fin. This mineralization
is likely fracture fill left behind after the erosion of the wall rock.

Figure 52. Laddered deformation bands within the ISS-7 fin.

ISS-8
Site ISS-8 is marked by numerous iron oxide concretions found as float adjacent
to the western end of the deformation band fin at this site. The concretions have a variety
of shapes, from spheroids to rounded “finger”-like irregular masses, mostly loose on the
ground surface but some also seemingly embedded in deformation bands (Figure 53).
Several examples of loose marbles were sampled (Figure 54). Given the low relief and
poor exposure of the band at this location, we cannot determine whether embedded balls

are embedded autochthonously in the ground surface, or if they became embedded at
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this location post-deformation as a result of weathering and sediment transportation
processes. These marbles, and the visually similar oxide ball and “finger” concretions
seen at ISS-3 and ISS-3a (Figure 28; Figure 30), resemble the iron oxide concretions
described by researchers working in the nearby Navajo Sandstone (Chan et al., 2000;
Chan et al., 2011; Kettler et al., 2011; Loope et al., 2012). In cross-section, hand samples
from ISS-8 do not appear to have concentric iron layering (Figure 54), similar to the
smaller Entrada marbles described by Chan et al. (2000) found in proximity to the Moab
Fault and within Grand Staircase Escalante National Monument (Parry, 2011). Marbles
sampled at ISS-8 also have thick, clearly defined rinds, similar to those described by
Loope et al. (2012), with oblong to amorphous outlines (Figure 54).

Figure 53. Iron oxide marbles at ISS-8, free-standing (A) and band-embedded (B).
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Figure 54. Iron oxide marbles sampled from float at ISS-8. A: Loose unprepared
samples. B: Marbles halved for laboratory comparison. Marbles B, D, and E are labeled
in both images.

The westernmost exposed end of the ISS-8 deformation band fin is near the
highest concentration of marbles; based on aerial photography, bands may extend at
very low relief a further 223 m west of the marble area, possibly merging with the ISS-9
deformation band fin (Figure 55; Figure 56). At the westernmost measured end, the
orientation of the fin is between 276°/65°S and 271°/60°S; the amalgamated bands and
inosculating-anastomosing deformation zone are between 4 and 23 cm thick. At a point
30 meters east of the marbles, poikilotopic cementation appears between inosculatinganastomosing sections within the band (Figure 57). The cementation is present in a 3 m
long section of the fin, found both in the core of the fin and the central damage zone.
Sediment cover and weathering of the band obscure evidence of any continuation of the
cementation east of this section. Fin orientation in the poikilotopically cemented section
is 268°/58°S. The width of the poikilotopic section varies between approximately 140
and 215 cm.
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Figure 55. Overview of the ISS-8 deformation band fin. White line indicates the
measured trace of the main fin; green line indicates the projected trace of the southern
fin to its intersection with the Earthy-Slick Rock Member interface. Locations of marbles
(M), poikilotopic cementation (P), and the Earthy-Slick Rock Member interface (In) are
labeled.

Figure 56. Projected merger of the ISS-8 and ISS-9 deformation band fins. Measured fin
extents are sketched in white; the projection of the primary ISS-8 fin is in green. The
projection of the ISS-9 fin, which projection may be shared by the ISS-8 fin, is in blue.

The precise intersection of the deformation band fin with the Earthy-Slick Rock
Member interface could not be determined, due to erosion and low relief of the
deformation bands on the eastern exposure of the fin. However, a deformation band fin
37 m south of the ISS-8 fin does visibly intersect the Earthy-Slick Rock Member interface
(Figure 55), and is here examined as a proxy for the ISS-8 interface. The deformation
bands of this fin intersect the interface without visible interface offset, similar to the

deformation band at ISS-6 (Figure 20). Within 30 cm measured south from the
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deformation band along the interface, there are two fractures in the Earthy Member that
neither not cross the interface nor directly intersect the deformation band. An exposed
open-mode fracture in the Slick Rock Member contains iron oxide and dogtooth calcite
mineralization (Figure 58). Crystals of both minerals are approximately 1 to 3 mm
across, completely filling the fracture. The fill forms two distinct layers, with iron oxide
outermost and calcite filling the interior.

Figure 57. Poikilotopic cementation between fin bands at ISS-8.

Figure 58. Iron oxide and calcite fracture mineralization south of ISS-8. The fill
comprises two layers, with iron forming the outermost layer and dogtooth calcite filling
the remainder of the fracture.
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ISS-9

ISS-9 is the farthest-south deformation band fin examined during this study. As a
whole, the fin appears to have more iron staining and mineralization than seen in the
northern bands and fins, and at approximately 200 meters long has a much longer
surface exposure. Adding the fin segment shared with ISS-8 (Figure 56), which appears
to intersect the contact between the Entrada and Carmel formations, total surface length
of the ISS-9 deformation band fin may be at least 525 m. While the fin does approach the
Earthy-Slick Rock Member interface on its eastern end, the fin relief at the end is very
low and is untraceable beneath rubble and the eroded surface. No offset is visible where
the ISS-9 fin is projected to intersect the Earthy Member.
Orientations in the deformation band fin broadly fall into two primary trends,
one averaging 297°/68°N and the other averaging 303°/64°S (Figure 59; Figure 60).
Neither trend preferentially offsets the other. Other secondary trends are present
throughout the fin, though none outcrop consistently along the fin trace and may
represent only local variation; additionally, the dense clustering of deformation bands
frequently made individual orientation measurements impractical (Figure 61).

Figure 59. Stereonet and rose diagram of band orientations in the deformation band fin
at ISS-9.
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Figure 60. Deformation band trends in the ISS-9 deformation band fin. View is to the
southeast (A) and west (B).

Figure 61. Dense deformation band clustering in the deformation band fin at ISS-9.
Many orientations of deformation band are visible, but with few individually exposed
bands for measurement. The yellow field book in the foreground measures 18.5 cm on its
longest edge. View is to the ESE.

Iron oxide features are abundant in the ISS-9 deformation band fin, and include
matrix staining and mineralization, and filled fractures (Figure 62; Figure 63). Band
confinement of staining and mineralization is inconsistent, and the method of control is
unclear. Iron staining generally does not appear confined by deformation bands (Figure
62A). Iron oxide mineralization is in some places bounded between two bands for a

distance, then expands beyond band confinement without obvious evidence in outcrop
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of the band having been fractured or otherwise mechanically breached (Figure 62B).
Iron oxide-filled fractures in the deformation band fin are typically 1 to 3 mm wide. The
fractures commonly strike parallel to the axis of the fin, and appear to dip at an angle
similar to the north-dipping trend of deformation bands (Figure 63A). However, there is
insufficient three-dimensional exposure of fractures to measure accurate dip with
confidence. There are also fractures that strike perpendicular to the fin axis, the dip
approximately vertical (Figure 63B). Both orientations of fracture sometimes cross
deformation bands (Figure 63). Throughout the deformation band fin, sections of the fin
with pervasive iron staining appear to have weathered more than sections with
comparatively less staining and mineralization (Figure 64).

Figure 62. Iron oxide staining (A) and mineralization (B) in the ISS-9 deformation band
fin. Mineralization is sometimes confined between deformation bands, and sometimes
extends across bands (B, blue arrow).
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Figure 63. Iron oxide filled fractures in the ISS-9 deformation band fin. Fractures
typically strike parallel to the axis of the fin (A), but axis-perpendicular fractures are also
seen (B). Both trends of fractures may cross deformation bands (blue arrows).

Figure 64. Iron-stained rock in the ISS-9 deformation band (left side of image) typically
has a higher degree of weathering relative to adjacent rock with less or no iron staining
(right).

Two samples of iron oxide mineralized fractures were taken at ISS-9. Sample IW
102813-187 has perpendicular iron oxide-filled fractures in the undeformed rock
between deformation bands, and crossing at least one set of amalgamated bands (Figure
65). The band-parallel fracture orientation on this sample is 305°/52°N. Sample IW
102713-9c is a section of amalgamated deformation bands with iron oxide crystallization
on both faces of the thicker band cluster (Figure 66). The inter-band iron fill in this
sample appears to follow the strike of the north-dipping band trend, with the orientation
measured as 291°/78°N at point A in Figure 66.
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Figure 65. Sample IW 102813-187, original field orientation in the ISS-9 fin (A) and
prepared in the laboratory (B).

Figure 66. Sample IW 102713-9c, original field orientation in the ISS-9 fin (A), and
prepared for laboratory billeting (B). Original field orientation, measured at point A on
the upper portion of the sample, is 291°/78°N. Scale is the same in both views.

ISS-9 is also the only location in this study where calcite fracture fill is observed
within the Slick Rock Member. These fractures are filled with dogtooth calcite, with
crystal width typically between 1 and 4 mm wide (Figure 67). Fracture width is between 1
and 20 mm. Like the iron oxide filled fractures at ISS-9, the strikes of calcite filled
fractures are approximately parallel to the axis of the deformation band fin, with
insufficient exposure to determine fracture dip. Fractures cross deformation bands in
some places (Figure 67). These fractures are not longer than 1 m, and depth within the
fin could not be accurately estimated due to poor exposure. In one location, there is also

a 1-2 m region of intermittent poikilotopic cementation the upper surface of the fin,
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with each patch of cementation approximately 15-30 cm long.

Figure 67. Mineralized fractures with dogtooth calcite in the ISS-9 fin. Blue arrows in B
indicate separate filled fractures.

Near the center of the fin exposure, there is a central pale axis through the fin,
average thickness approximately 5 cm, which is denser and more resistant to weathering
than the surrounding fin, and has no distinguishable individual bands (Figure 68).
Though no slickensides are observed at this location, these physical characteristics imply
the development of a slip zone core in the fin. Slickensides were seen at two other points,
but were not exposed enough to measure their rake.

Figure 68. Possible fin core indicated by white central band zone (left of lens cap), ISS-9
deformation band fin.

Additional locations between ISS-1 and ISS-9 have notable deformation
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features, but were not studied sufficiently to be named as full ISS sites in this study
(Figure 69). At Location 177, the interface itself was too high above stable ground surface
to be measured, but the deformation band at this point crosses the interface with
minimal to no displacement. There are approximately 7 fractures in the Slick Rock
Member and 4 fractures in the Earthy Member within a meter of either side of the band;
these fractures do not cross the interface. 14 m south of Location 177, a scanline was
measured at Location 178 (Figure 70) where a deformation band offsets the Earthy-Slick
Rock Member interface by approximately 10 cm. Fracture density on the scanline is 2
fractures per meter. Offset from the deformation band ends within the greenish lower
shale of the Earthy Member, and does not continue further up-section into the mid and
upper Earthy Member layers. The exposed face of the outcrop may represent an eroded
deformation band and fracture set; there are fragmentary panels of dogtooth calcite
along the face, similar to the mineralized fractures seen at ISS-1 and ISS-9 (Figure 71).

Figure 69. Additional locations discussed in this text. These sites are located near main
ISS sites, and have deformation and mineralization features, but were not sufficiently
examined to include as full ISS locations. Yellow pentagons indicate locations discussed
in the text; blue circles indicate ISS sites previously discussed.
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Figure 70. Schematic diagram of scanline measured at Location 178. Layer thickness is
not to vertical scale. The deformation band at approximately 25 cm crosses the interface
and terminates within the basal shale layer of the Earthy Member.

Figure 71. Calcite crystals exposed on the outcrop face at Location 178.

23 m north of Location 175, labeled on Figure 69 as Location 175a, is a low-relief
deformation band fin with iron oxide-rimmed concretions. These concretions vary from
a few cm to tens of cm in length on their longest axes, and, like some concretions found
at ISS-8, are joined to deformation bands in some samples (Figure 72). Locations 122,
123, and 124 have deformation band fins with characteristics like those observed at ISS-3
and ISS-7. These features include a massive fin style with notched erosion, resulting in
ISS-3-like platy segmentation of the fin (Figure 73; Figure 74); generally north-dipping
orientation; average fin thickness of approximately 50 cm; and iron crystallization and
elongate concretions within the fin (Figure 75; Figure 76).
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Figure 72. Sample of large iron oxide concretion, Location 175a. In A, deformation bands
bound one side of the concretion. Smaller concretions in float can be seen in the
background of B and C.

Figure 73. Simple and aggregate deformation bands, Location 123 (A) and Location 122
(B). Bands at Location 123 are simple tabular bands, similar to bands in the damage zone
of ISS-7. The deformation band fin at Location 122 (shown with scale card in Figure 74)
is a notched, platy fin like the fins at ISS-3/3a and the main fin of ISS-7.
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Figure 74. Detail of deformation band fin, Location 122. Inset Z (A) shown in detail in B.
The parallel laddering within the interior structure of the fin may be a form of the
conjugate Riedel geometry described by Schultz and Balasko (2003).

Figure 75. Iron oxide features at Location 122. Host rock staining and iron
mineralization (fracture fill?) are evident on the fin surface (A). Float adjacent to the fin
contains iron oxide crystals filling an approximately 1 cm space between bands (B).

Figure 76. Elongate concretions on the fin at Location 122. White arrows indicate three
individual concretion ribs.

At the mesoscopic scale in the Iron Wash study area, we observe two primary
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styles of deformation band organization in the Entrada – simple to aggregate tabular
deformation bands, and amalgamated deformation band fins. We also observe fractures
associated with deformation bands in the adjacent rock. In total, orientations for 53
deformation bands and 18 fractures were measured (Figure 77). The mean strike of
deformation bands is 118°, and mean dip is 66°; for fractures, mean strike is 301° and
mean dip is 85°. From five scanlines measured along the Earthy-Slick Rock Member
interface, we calculate mean fracture density near deformation bands is 4 fractures per
m (Table C1; Table C2; Table C4; Table C5). Away from deformation bands, fracture
density is approximately 1 fracture per m or lower (Table C3).

Figure 77. Stereonet and rose diagram showing all deformation band and fracture
orientations measured in this study. Deformation bands orientations are purple,
fractures orange. ndb is the number of deformation bands; nf is the number of fractures.

In conjunction with deformation, two phases of mineral precipitation are
observed, one calcite-based and one iron-based, with the iron phase preceding the
calcite. In this study area, evidence of fluid movement is observed solely in conjunction
with deformation features. In the Slick Rock Member, mesoscopic iron features are seen
with deformation bands and fins, but not in fractures; calcite features are seen with all

three deformation types. In the Earthy Member, where deformation is exclusively
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fracturing, only calcite features are observed at the mesoscopic scale.
Calcite lies in mineralized fractures, intra-band mineralization deposits, and
intra-band poikilotopic cements. Iron oxides occur as intra-band mineral deposits, in
cements, as matrix staining, and as iron-rinded concretions of low to high sphericity. We
also observe elongate concretions, which in outcrop and hand sample do not appear to
be related to either fluid regime specifically, but do appear in unique association with
deformation band fins.
Laboratory Observations
In this section, we examine the microscopic expression of the structures and
some of the sedimentological features that reveal the processes in and near the faults and
fractures at the Earthy-Slick Rock Member interface. We review the optical thin section
scale of slip surfaces within deformation band fins, elongate concretions, and multiple
forms of mineralization found in Iron Wash, particularly the poikilotopic cements,
mineralized meso- and microfractures, and iron-rinded concretions. These features
provide evidence of fluid presence and movement within the Slick Rock Member and
Earthy Member. We also incorporate results from X-ray diffraction analysis to examine
the mineralogy of key features. Together, these observations suggest that faulting and
fracturing preceded most mineralization, and that a minimum of two fluid phases
moving through fractures and along deformation bands precipitated iron oxide and
calcite fills.
Observations are made from analysis of 13 X-ray diffraction (XRD) samples and
41 thin sections, prepared from Earthy Member and Slick Rock Member samples
collected at the ISS locations previously described. Thin sections were cut perpendicular
to strike; most are dip sections, except where noted. The XRD samples were analyzed for

the compositions of fracture mineralization, elongate and iron oxide marble
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concretions, mineralization near slickensides, possible iron staining within the Slick
Rock Member, and poikilotopic cementation. Thin sections were evaluated for the
characteristics of and relationships between microfractures and mineralization features.
The XRD results (Table 2; Tables E1 to E12) match the Slick Rock Member host
rock composition reported in Raduha (2013), which found typical Slick Rock Member
rocks without mineralized fractures are on average 62% quartz grains by volume; the
remaining volume comprises cementation and other minor components (their Table 8).
Quartz is the major mineral in all XRD samples in this study. Iron oxides are present in
all samples; in most cases, the combination of muting from the strong quartz signature
with the low crystallinity of the iron oxides prevents specific determination of individual
minerals, reported on the XRD plots as “iron” and indicating low-temperature iron
oxides or hydroxides (Figures E1-E12). Calcite is identified in five samples. Mineralized
fractures from ISS-1 (Figure 19) and 5 (Figure 41) contain calcite, as does a fin sample
with poikilotopic cementation from ISS-3 (Figure 32). A sample of slickensides taken
from the float at ISS-2 also shows a calcite peak; however, a slickenside float sample
from ISS-7 does not. The ISS-7 sample is interpreted to have goethite, as is a mineralized
Slick Rock Member fracture from ISS-9 (Figure 66). The iron oxides in another
mineralized fracture from ISS-9 (Figure 65) and in marbles at ISS-8 (Figure 54) could
not be differentiated. Nontronite may also be present in the marble, and in a sample
from the ISS-1 deformation band that shows color variation between deformation-band
bounded sections (Figure 18).

TABLE 2. XRD INTERPRETATIONS FOR 13 IRON WASH SAMPLES
Carbonate
CaCO3
MgCO3
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Sample #
IW 102613-1
IW 8911-4b

Feature
Mineralized fracture
Discoloration

Major
Quartz
Quartz

IW 81011-1c

Iron coloration

Quartz

IW 81011-3b

Iron? cement

Quartz

IW 8911-float2

Slickensides, fin core

Quartz

CaCO3

Fe–, W

IW 8811-8
IW 8811-1

Poikilotopic cement
Elongate concretion

Quartz
Quartz

CaCO3
CaCO3

IW 102111-11-b

Mineralized fracture

Quartz

CaCO3

IW 102713-f

Slickensides

Quartz

Fe–
Fe–, MnS, K0.2Na0.8Cl
Fe–, MnS, NaCl,
CaAl2(Si2Al2)O10
(OH)2
Fe–, W, goethite

IW marble

Iron-rinded marble

Quartz

IW 102712-3
IW 102813-187

Mineralized fracture
Mineralized fracture

Quartz
Quartz

(Fe0.76Mn0.15
Mg0.09Ca0.01)
(CO3)

Alteration
Fe–, TiO2, MnS
Nontronite, +/- Fe–
MnS, Fe–,
Mn7(SiO4)O8
Fe–, V2MnO4,
Mn7(SiO4)O8,
MgSO4(H2O)7

Fe–, MnS, nontronite,
MgSO4(H2O)7
MnS, goethite, Fe–, W
Fe–

Note: Fe– indicates undifferentiated low-temperature iron oxide or hydroxide
minerals. Tungsten is interpreted as contamination from preparation equipment.
Samples are ordered from north to south by original ISS sampling location.

Thin section analysis shows the microscopic characteristics that are evidence of
fluid flow, and the relationships between deformation, fluid movement, and
mineralization. One important relationship is the development of secondary porosity.
The core of deformation band fins is made of densely compacted deformation bands,
appearing in outcrop as a solid zone of negligible porosity and permeability (Figure 31).
Fractures within rocks in this zone create secondary porosity, permitting fluid movement
even in the densest regions of deformation bands. Sample IW 8911-float2 (Figure 78) is a
piece of developed fin core found in the float near ISS-2, one of the few samples obtained
during this study with slickensides. The sample has densely aggregated deformation
bands, and cataclasis has greatly compacted pore space. However, fractures within the
compacted space, like the fracture between A and A’ (Figure 78), show development of
secondary porosity roughly parallel to the deformation bands and slip surface. Grains

with open mode fractures parallel to the slip surface and fracture orientation are also
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visible in this sample.

Figure 78. Sample IW 8911-float2, from the float near ISS-2 (PPL). The fracture from A
to A’ creates secondary porosity in the densely compacted grains. The slickenside face,
interpreted as a possible slip surface, is on the bottom edge of the slide; two additional
likely slip surfaces are approximately parallel to the slickenside face.

Among the key indicators of fluid movement at deformation band fins are
elongate concretion ribs, seen at the outcrop scale on the surface of deformation band
fins at multiple sites (Table 1; Figure 27). The XRD results show these concretions have
a composition similar to the non-mineralized Slick Rock Member, with slight indications
of CaCO3, MnS, and undifferentiated Fe– (Table 2; Figure E7). This is also confirmed by
thin section examination of sample IW 8811-1 (Figure 79A). At the microscopic scale,
there is no clear evidence of preferential calcitic or iron oxide pore-filling cementation in
the concretion; compare the elongate concretion in Figure 79A with Figure 79B, a sample
of plain Slick Rock Member sandstone with un-mineralized pore space. By contrast, the
sample in Figure 79C shows pore-filling calcite mineralization, which would typically be
expected in elongate concretion figures (Mozley and Goodwin, 1995). However, Mozley
and Goodwin (1995) also comment that some elongate features may have the same

chemistry as the undeformed rock of the same unit similar to this example;
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concretions of this sort are only distinguishable at the mesoscopic level. Though
chemically IW 8811-1 appears no different from the host Slick Rock Member sandstone
(Table 2), concretions visible at the mesoscopic scale imply the movement of fluid along
deformation band fault planes, parallel to band dip.

Figure 79. Elongate concretion compared with host rock samples in thin section. (A)
Sample IW 8811-1, elongate concretions in the Slick Rock Member, ISS-3a fin (CPL).
Thin section is a cross section cut parallel to the long axis of the concretion, with the
aerially exposed surface at the upper edge of the sample. (B) Sample IW 102111-9, Slick
Rock Member, ISS-5 (CPL). (C) Sample IW 8811-5, Slick Rock Member, ISS-3. The
elongate concretion (A) most closely resembles the un-mineralized sandstone of (B),
rather than the calcite-mineralized sandstone of (C).

Poikilotopic cementation is another key indicator of past fluid presence in the
Iron Wash study area, found in association with complex deformation band clusters and
deformation band fins (Table 3). The macroscopic balls of cementation indicate the
presence of calcium-precipitating fluid along the surface of deformation bands within
fins. Sample IW 8811-5, collected from the fin at ISS-3 (Figure 32), features a 7 to 10 mm
thick zone of poikilotopic cementation sandwiched between deformation bands (Figure
80). The individual balls of poikilotopic cementation are mm-scale oblongs of pore-

filling calcite, present on both sides of the deformation band. These calcite cements
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are not twinned. Along with individual crushed grains surrounded by calcite crystals, and
calcite-filled microfractures in quartz grains (Figure 81), this lack of twinning indicates
deformation had ceased by the time of cementation (Rowe and Rutter, 1990). Iron oxide
cementation is also present around individual quartz grains and entrained in calcite
crystals (Figure 80; Figure 81), indicating at least partial cementation of the host rock by
an iron oxide mineral prior to poikilotopic cementation.

Figure 80. Sample IW 8811-5, dip-section showing poikilotopic cementation in the
deformation band fin, ISS-3 (CPL). Here, poikilotopic cementation appears as individual
calcite balls on both sides of the deformation band. Twinning is not seen in individual
calcite crystals within the balls, indicating this cementation occurred post-deformation.
Iron oxide (ox) cements shown in reflected light inset, upper left.
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Figure 81. Detail of microstructures in IW 8811-5 (CPL). Crushed grains entrained in
poikilotopic calcite and calcite-filled microfractures in quartz grains indicate
deformation predates mineralization. Iron oxide cementation is present throughout the
sample.

Mineralized fractures in the Earthy Member have notable indicators of past fluid
movement and deformation timing. These fractures are often filled with dogtooth calcite,
with crystal sizes from a few mm up to 2 cm across (e.g., Figure 15; Figure 37). Most
Earthy Member fractures appear in the outcrop to be filled solely with calcite, but
examination at the microscopic scale shows that iron can be present even when not
visible in hand sample. Figure 82 is a mineralized fracture from ISS-1, sample IW
102613-1, which in the outcrop is characterized by fracture-filling dogtooth calcite
(Figure 15; Figure 19), and in thin section by blocky to elongate blocky calcite crystals
(Figure 82). The thin section also reveals iron oxide crystallization near the interface
between the quartz sandstone host rock and the calcite fracture fill (Figure 82; Figure
83); the XRD analysis was not able to identify specific iron minerals (Table 2), but the
crystal faces observed in the fracture suggests these oxides may be goethite
pseudomorphs after pyrite (Figure 83A). Several of the iron oxide crystals are entrained
within the calcite fill (Figure 83B). We infrequently see twinning in the calcite crystals in
mineralized fractures (Figure 83A). No further deformation of the fill is observed.
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Figure 82. Thin section of Sample IW 102613-1, lower Earthy Member of ISS-1 (CPL).
Details of inset boxes A and B are shown in Figure 83. In situ hand sample is pictured in
the lower right of Figure 15, location S; leftmost edge of this thin section corresponds to
the mineralized face adjacent to Fracture 2 in Figure 15.

Figure 83. Details of IW 102613-1 (CPL); locations in sample shown in Figure 82.
Floating iron oxides in both panels may be pseudomorphs after pyrite. Euhedral calcite
grains with deformation twins (A) and open-mode fractures in quartz grains (B) also
seen.

Evidence for iron oxide mineralization also appears between individual bands in
deformation band fins, visible both at the meso- and microscopic scales (Figure 50;
Figure 63; Figure 84; Figure 85). The XRD analysis of multiple samples indicates the

pore- and fracture-filling oxide may include goethite. At the microscopic scale, iron
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oxide fill is generally bounded by deformation bands, the mineralization filling available
pore space in a narrow cementation halo or invasion zone extending from the main
fracture fill (Figure 85; Figure 86; Figure 87). In sample IW 102713-9c, iron oxide
mineralization appears in outcrop between the bands comprising the central zone of the
ISS-9 fin (Figure 66); this is also seen in thin section (Figure 85), where the fill does not
infiltrate across the aggregated core bands. In sample IW 102813-187, also from ISS-9
(Figure 65; Figure 86), the 0.5 mm wide iron oxide bands are again bounded above and
below by the deformation bands. However, counter to the general pattern of bandlimited mineralization, here mineralization crosses the lower deformation band through
a fracture perpendicular to the strike of the band (Figure 86). Iron oxide mineralization
also fills fractures in individual quartz grains (Figure 87). Possible relict crystal faces are
present (Figure 84), similar to those seen in Figure 83A, from which we interpret the
iron oxide fracture fill to be goethite pseudomorphs after pyrite.

Figure 84. Possible relict pyrite crystal faces in fracture fill, samples IW 81011-3a (A, ISS2) and IW ironcrust-b (B, ISS-3) (CPL). In both samples, iron oxide mineralization forms
a thin crust approximately 2-4 mm thick on the outer sample surface, with angular edges
that may be pseudomorphic crystal faces.
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Figure 85. Thin section of sample IW 102713-9c, Slick Rock Member, ISS-9 (CPL). Strike
of deformation band fin is into plane of photo. Deformation bands (DB) separate the two
areas of iron oxide mineralization.

Figure 86. Sample IW 102813-187, fin at ISS-9 (CPL). A fracture (FR) across two
deformation bands (DB) is filled with iron oxide cementation.

Figure 87. Iron oxide mineralization in sample IW 102712-3, ISS-9 (CPL). The invasion
zone fills pore space up to approximately 1 mm away from the fracture fill. Multiple
open-mode fractures in quartz grains are filled with goethite in the invasion zone.

Some iron oxide cementation appears to predate deformation (Figure 88). In
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sample IW 8911-4b, a zone of iron oxide mineralization is crossed by a simple
deformation band fault, and is offset approximately 4 mm by the fault. The XRD analysis
indicates the iron oxide in this sample is nontronite (Table 2), which in this study is
found only in this sample and in the iron oxide concretions at ISS-8.

Figure 88. Offset cementation in sample IW 8911-4b, ISS-1 (reflected light). A zone of
iron oxide cementation is offset approximately 4 mm by a deformation band.

Another main observation we make that indicates the presence of iron oxide fluid
movement is the iron concretions, or marbles, adjacent to and within deformation band
faults (Figure 53; Figure 54). Iron concretion marbles found at ISS-8 have well-defined
outer rims a few mm thick (Figure 89). These rims are composed of iron oxides filling
the pore space between undeformed quartz grains (Figure 90). Some marbles are
completely cemented (Figure 89A), and others have pockets of sandstone within the iron
oxide rinds (Figure 89C). These sandstone zones are not centered within the rinds. For
both kinds of marbles, the rinds are asymmetric, suggesting non-concentric growth.
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Figure 89. Details of iron oxide concretion marbles, ISS-8. Internally, some marbles are
cemented completely through (A) while others have sandstone regions (ss) within the
marbles (C). Sample lettering corresponds with lettering in Figure 54.

Figure 90. Thin section of sample IW Marble, ISS-8 (reflected light). Original Entrada
host member is uncertain, but inferred to be the Slick Rock Member. Red and ochre iron
oxide mineralization (ox) fills pore space between quartz grains to form the outer rim of
the marble.

At the microscopic scale, we observe evidence for the movement of fluids through
fractures and along deformation band faults in the Slick Rock and Earthy Members of
the Entrada Sandstone. Elongate concretions do not exhibit mineralization from either
fluid, but their mesoscopic expression at deformation band fins indicates fluid
movement parallel to the face of deformation bands. Poikilotopic cementation and
calcite-filled fractures indicate at least one phase of calcite-depositing fluid;
mineralization is found between deformation bands and within open fractures, without
the calcite crystals being themselves deformed. That iron oxide crystals are observed

within larger calcite crystals in filled fractures suggests iron oxides deposited prior to
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calcite deposition. Iron oxide also fills fractures with no calcite fill, with accompanying
oxide invasion halos. The XRD analysis shows the iron oxide fill in at least some of these
fractures includes goethite. Open-mode fractures in individual quartz grains, oriented
subparallel to adjacent mesoscopic fractures, are often filled by both calcite and iron
oxides; fractures are interpreted to have developed before mineralization.

DISCUSSION
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Along an approximately 1 km long part of the contact between the Earthy and
Slick Rock Members in the Iron Wash study area, strain is accommodated by
deformation band faults in the Slick Rock Member, and open fractures in the Earthy
Member. There is approximately a 50/50 proportion of deformation bands that cut and
that do not cut the Earthy-Slick Rock interface along this 1 km section, and cut-interface
sites roughly alternate with intact-interface sites (Figure 91). Whether deformation band
faults cross the interface at a given location is not related to the distance of the site from
the Iron Wash Fault (Figure 91). At sites where the interface is breached, the main
difference in the strain expression is from deformation bands in the Slick Rock Member
to open fractures in the Earthy Member; see, for example, site ISS-1 (Figure 14). This
difference appears to be caused primarily by the difference in mechanical strength
between the two layers; Schmidt hammer testing (Table D1) shows that the Earthy
Member has a lower mechanical strength than the Slick Rock Member, and thus it
fractures rather than forming deformation bands, as it does not experience grain
crushing.
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Figure 91. Distribution of interface-crossing deformation band faults in the Iron Wash
study area. Black arrows indicate sites where deformation crosses the interface; white
circles indicate non-crossing sites.

At sites where the interface is crossed by faults, deformation bands in the Slick
Rock Member become open fractures in the Earthy Member. Though additional
fractures form in the Earthy Member, only those that are direct extensions of interfacebreaking deformation bands cross the interface. Earthy Member fractures not otherwise
connected to deformation bands do not cross independently into the Slick Rock Member.
At sites where no deformation bands cross the interface, no offset of the interface is
observed, and any deformation in either the Earthy Member or Slick Rock Member
terminates at the interface contact. Compare, for example, the deformation band at ISS1, where the interface is offset 12 cm and deformation is present as an open Earthy
Member fracture and aggregate Slick Rock Member deformation band (Figure 14) with
ISS-6, where Slick Rock Member bands and Earthy Member fractures are present but
none connect across the layers or cross the interface (Figure 20).
Because no deformation band fins have been observed in Iron Wash with
overlying caprock still in place, it is uncertain whether deformation band clusters that
create the large fins crossed the interface when it was still present, or what implications

fin development in the Slick Rock Member has for strain expression in the Earthy
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Member. However, we hypothesize that fins would not have crossed the interface, based
on the relationship between the ISS-3 and ISS-6 bands. Aerial photography suggests that
these sites form a single deformation system (Figure 24), and as the band at ISS-6 does
not cross the Earthy-Slick Rock Member interface, this implies that the bands
comprising the ISS-3 fin likewise did not cross the interface.
The mean strike of deformation bands measured in this work is 118°, and of
fractures 301° (Figure 77). These mean orientations agree with the S60°E primary
paleostress orientation of the San Rafael Swell described by Bump and Davis (2003);
however, as the sense of motion on the deformation band faults measured in this study is
normal to slightly oblique, the existing faults cannot be Laramide in origin. These faults
may be formed by reactivation or relaxing of preexisting compressional Laramide
faulting.
The distance from the Iron Wash fault does not appear to influence the nature or
concentration of deformation and mineralization features observed (Table 3; Figure 91).
Between ISS-6, located 2 km northeast of the Iron Wash fault, and ISS-9, 1.2 km
northeast, key fluid features are evenly distributed amongst the sites (Table 3). The
formation of deformation band fins versus individual deformation bands is also
independent of distance from the Iron Wash fault, and bands observed at the interface
are neither more nor less likely to breach the interface with closer proximity to the Iron
Wash fault.
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TABLE 3. DEFORMATION AND FLUID FEATURES IN IRON WASH

Location
ISS-3a
ISS-3
ISS-6
Ras
ISS-1
Location
122, 123
ISS-5
ISS-7
ISS-8
Location
178
ISS-9

Poikilotopic
cementation
no
yes
no
no
no

Mineralized
Earthy
Member
fractures
no
no
no
yes
yes

Elongate
concretions
yes
yes
no
no
no

Interface
break
unknown
unknown
no
yes
yes

yes

no

yes

yes

no?*

both
both
fin

no
yes
yes

no
no
yes

yes
no
no

no
yes
no

yes
no?*
unknown

band

no

no

yes

no

yes

fin

yes

yes

no

no

no

Deformation
type
fin
fin
band
band
band

Macroscopic
iron
yes
yes
no
yes
no

both

Note: ISS and WP locations are from this study (Figure 69); “Ras” is the Earthy-Slick
Rock Member interface site described by Rasmusson (2016). Sites are listed from north
to south.
*The interface at Location 122 and ISS-7 does not appear offset from field surveys, but
could not be determined with certainty.

The relative timing of deformation and fluid flow can be determined by
evaluating the mineralization of individual fractured grains, and patterns in cementation
(Figure 92). The blocky crystals of calcite and iron oxide fracture fill (Figure 82; Figure
84) and the serrated to absent medial contact between grains within individual fractures
(Figure 82, Figure 87) indicates syntaxial vein formation (Bons et al., 2012), and
indicates fractures were created prior to mineralization. Though fractured quartz grains
with calcite fill are fairly uncommon in our samples, iron oxide-filled grain fractures
appear commonly (Figure 87). Iron oxide-filled fractures in individual quartz grains are
typically parallel to nearby mesoscopic fractures (Figure 87). At both scales the fractures
are filled with goethite (Table 2), and the larger fracture fill does not appear to have
subsequently been offset or re-fractured. This too indicates deformation completed
before fracture mineralization; this timing is also seen with calcite-filled fractures in

grains. However, some iron oxide cementation appears to predate deformation
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(Figure 88), though the different chemistry of the offset sample compared to most
fracture fill in ISS samples (Table 2) suggests multiple phases of iron oxide precipitation.

Figure 92. Relative chronology of deformation and mineralization processes in Iron
Wash.

A number of mesoscopic and microscopic features show that fractures and
deformation bands in Iron Wash were, at multiple times, migration pathways for fluid in
the Entrada Sandstone. Calcite and iron oxide mineralized fractures in the Earthy
Member (e.g. Figure 15; Figure 82) and Slick Rock Member (Figure 58; Figure 67)
indicate the movement of fluid up from the Slick Rock Member and into the Earthy
Member at fractures connected to deformation bands, as do bleaching haloes around
Earthy Member fractures (Figure 35). Elongate concretions also indicate fluid movement
through the Slick Rock Member, parallel to the dip of deformation bands (Figure 27).
Microscopic analysis of fracture fill suggests at least two fluid chemistries were involved
in iron oxide precipitation. Pyrite likely precipitated in an earlier reducing environment;
we observe possible relict crystal faces from this phase in samples of fracture fill from
ISS-1 (Figure 83), ISS-2, and ISS-3 (Figure 84). With a change in chemistry to an
oxidizing environment, pyrite oxidized to goethite, as interpreted from our XRD analysis

(Table 2; see Nordstrom, 1982), creating the pseudomorphic iron mineralization
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observed in fracture fill (Figure 83; Figure 84). At some sites, calcite also precipitated
from the oxidizing fluid to fill the rest of the fracture aperture (Figure 58), entraining
loose iron oxide crystals and resulting in the oxide inclusions seen in some fractures
(Figure 83). Mode I fractures in quartz grains near fractures are also filled with calcite or
iron oxide (Figure 81; Figure 87), and individual calcite and iron oxide crystals are
neither sheared nor deformed, implying precipitation occurred after deformation.
However, the presence of twinning in some individual calcite crystals (Figure 83) shows
that there was a differential stress high enough to create a shear stress to deform the
calcite (Rowe and Rutter, 1990, and references therein).
Within Slick Rock Member deformation band fins, elongate and iron oxide
concretion ribs (Figure 28; Figure 76), poikilotopic cementation (Figure 80), and iron
oxide concretion marbles (Figure 54) indicate fluid presence and movement both along
the fin plane and within the undeformed sandstone pockets internal to fins. Additionally,
deformation band fins often have extensive iron oxide staining even where macroscopic
iron crystals are not evident (Figure 50; Figure 62). In Iron Wash, this staining is found
only within and immediately adjacent to deformation bands and fins. Again we observe
calcite and iron oxide filling Mode 1 fractures in quartz grains (Figure 83; Figure 87), the
lack of shearing in the fractured grain and associated mineralization suggesting mineral
precipitation occurs after deformation. The microfractures in quartz grains are typically
parallel to nearby mesoscopic fractures (Figure 87).
Qualitatively, we observe that a higher amount of iron oxide staining and
mineralization at the mesoscopic scale appears to decrease the overall resistance of a fin
or set of bands to weathering. In this study we did not measure transects of fins to create
weathering profiles. We compared the fins at ISS-3 and ISS-9, and observe less iron

oxide overall at ISS-3/3a (Figure 25; Figure 26) than at ISS-9 (Figure 60). At ISS-3
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and 3a, iron oxide features are localized, limited to concretion features at most a few 10s
of cm long (Figure 28), and outcrops of general iron staining are bounded between bands
(Figure 29). At ISS-9, iron oxide fracture fill is common (Figure 62; Figure 65), as are
broad areas of staining without clear bounding of the stain between deformation bands
(Figure 62). The ISS-3 and 3a fins have greater lateral continuity with narrow eroded
notches, and relief of 1 to 2 m, whereas ISS-9 outcrops irregularly, and rarely has relief
greater than 1 m. Within the ISS-9 fin itself, mesoscopic iron oxide staining and
mineralization varies between locations, and relief is greatest where iron presence is
higher – compare Figure 61 (low iron, high relief) and Figure 64 (high iron, low relief).
Mineralization and some cementation occurred after deformation and the
formation of bands and fractures. Thin section analysis shows that neither deformation
bands nor fractures offset the fracture fill, cementation features, and iron staining
observed in this study. Poikilotopic cementation is found between individual bands
within fins, without any evidence of subsequent crushing or deformation of the cement
(Figure 80). Open-mode fractures in individual quartz grains are frequently filled with
calcite and iron oxide mineralization (Figure 83; Figure 87). These indicate most fluid
movement and subsequent mineralization is post-deformation. Iron oxide
mineralization appears to predate calcite; at ISS-1, fractures in the Earthy Member have
iron oxide crystals entrained in calcite fill (Figure 83), and at ISS-8, an open fracture in
the outcrop has iron oxide crystals lining the outer sides of the fracture, with calcite
filling the remaining central space (Figure 58). Iron oxide cementation is also present in
areas of poikilotopic cementation at ISS-3, with some oxide crystals surrounded by balls
of calcite (Figure 80; Figure 81). Based on the blocky texture of calcite in thin section,
and the absence of a clear median line within the fracture fill, mineral growth in the Iron

Wash fractures is syntaxial (Bons et al., 2012). The timing of the earliest iron oxide
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cementation is uncertain, though offset of cementation zones at ISS-1 (Figure 88) points
to general cementation prior to deformation.
Sites where the interface is breached by deformation bands are the only sites with
mineralized Earthy Member fractures; in almost all cases these fractures are the only
evidence for fluid flow that are present. No evidence has yet been found of elongate
concretions, poikilotopic cements, or mesoscopic iron oxides at breached sites, absent
the thin (approximately 1-2 mm wide) vein at the Rasmusson (2016) ISS site (their
Figure 25; Table 3). Evidence for fluid movement in the Slick Rock Member is found only
at sites with deformation band fins.
We hypothesize that the arrangement of deformation features in Iron Wash has
affected the movement of fluids (Figure 93). In this model, simple tabular deformation
bands formed in the subsurface Slick Rock Member via the grain crushing, cataclastic
faulting processes typical of Iron Wash deformation bands. Slickensides observed in
deformation bands and fins suggest bands formed as normal faults, typically (but not
exclusively) with the southern side of the fault downthrown. North- and south-dipping
band sets were broadly coeval; offset of either set is uncommon in the outcrop, and
neither set exclusively offsets the other. Faults breached the Earthy-Slick Rock Member
interface, and subsequent subsurface deformation extended into the Earthy Member as
one or more Mode I fractures in the same plane as the primary deformation band
(compare Flores, 2014). Additional fractures formed in the Earthy Member hanging wall
at similar orientations to the Slick Rock Member fault, their dips ranging from faultparallel to vertical (this study; Richey, 2013; Rasmusson, 2016). The switch from
deformation bands in the reservoir to fracture development in the caprock is related to
the lithological and mechanical difference between the units (Fossen et al., 2007; Flores,

2014; Petrie et al., 2014). Schmidt hammer results (Table D1) suggest the Slick Rock
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Member has a higher mechanical strength than the Earthy Member does. The lower
porosity of silt- and mudstone does not allow for grain compaction, instead
accommodating shear in fractures; these fractures are distributed in the caprock because
no single distinct plane of deformation forms in response to stress (Flores, 2014). This
also accounts for the close association of fractures with deformation bands in Iron Wash.
Fracture density is relatively highest within 1-2 m of deformation bands, regardless of
whether bands cross the interface. Earthy Member fractures are uncommon more than 2
m away from bands, as exemplified by the second scanline measured at ISS-1 (Table C3).
This scanline, measured 4 m south of the main deformation band on a 1 m length of the
interface with no deformation bands, showed only one fracture. This low fracture density
is typical of the interface away from deformation bands. West of the modern Interface
Study Sites, deformation bands clustered in anastomosing-inosculating aggregate
features referred to as fins (this study) and complex and aggregate band systems (Aydin
and Johnson, 1978; Fossen and Hesthammer, 1997; Bump and Davis, 2003). Fins are
not solid masses of deformation bands; between the band clusters are areas of
undeformed, porous sandstone. Poikilotopic cement formed in these isolated pockets of
host rock. The calcite in the poikilotopic cement may have been sourced from earlier
calcite cement in the Slick Rock Member, which had been dissolved by the reducing
environment that deposited the iron oxide cementation. This calcite was then
remineralized in the oxidizing environment that facilitated iron oxide alteration and
calcite fracture fill.
A number of factors may lead to interface breach at a given site, including grain
size, fault slip amount, and deformation band clustering density. Deformation band
breach may occur at a site with larger grain size in the host sandstone, relative to the

grain size at a site where the interface is not breached. Deformation bands tend to be
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narrow in finer-grained rocks, whereas coarser-grained rocks may allow greater
development of a deformation band cluster (Schueller et al., 2013). This may lead to slip
surface formation and eventual interface breach. A higher amount of total slip on a slip
surface may also cause interface breach. Within a deformation band cluster, slip
surfaces can accommodate from 50 cm to 1 m or more of offset, compared with the less
than 30 cm of offset without slip surfaces (Aydin and Johnson, 1978). The resulting
increased stress at the interface may eventually cause breach and the development of
fractures in the caprock. Whether an interface exposure is breached may also be related
to the density of deformation bands in a band cluster zone or fin at the interface.
Compare, for example, the fins at ISS-6 or 9, in which individual deformation bands can
be distinguished within the cluster zones (Figure 20, Figure 61), with the bands at ISS-1
and 5, which are denser clusters of bands without discrete, separate component bands
(Figure 18). This difference in cluster zone density suggests that the tighter spacing of
bands contributes to whether a given interface site will be breached. As increased
deformation band density also has a direct relationship to grain size (Schueller et al.,
2013), porosity, and degree of cementation (Johansen et al., 2005), these three factors
should be examined in detail together with deformation band cluster density in
determining how they affect interface breach.
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Figure 93. Conceptual model of fluid movement in context of deformation features in
Iron Wash. Calcium- and iron-rich fluids, shown by blue arrows, are channelized parallel
to deformation bands, and are compartmentalized by the non-permeable deformation
band surface. Fluids that cross the interface along deformation bands may also flow
along the interface and vertically escape through open fractures in the Earthy Member.

Based on the presence and location of the iron concretions, calcite cements, and
mineralization patterns within and on the surface of deformation bands and fins in Iron
Wash, we suggest deformation bands and fins acted as baffles to three-dimensional fluid
movement in the Slick Rock Member (this study, Figure 93; Torabi and Fossen, 2009).
Fluid was channelized parallel to bands, free to move within fault-bounded zones and
along fault planes both vertically and E-W horizontally, but blocked from cross-fault N-S
horizontal movement. The basal shale member of the Earthy Member prevented fluid
movement into the caprock, where the interface was intact. Where the interface was
breached, fluid passed upwards through open fractures, leading to the mineralization of
the fractures. The long axes of elongate ribs likely mark the direction of flow (Mozley and
Goodwin, 1995) on the ISS fins (e.g., Figure 27; Figure 76), which here would be
subparallel to the dip of the fins. The elongate iron oxide concretion fingers (Figure 28)
suggest strike-parallel fluid movement. Rasmusson (2016) describes bands of calcite and

hematite in the Slick Rock Member between sites ISS-1 and ISS-6 (their Figure 25),
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parallel to deformation bands and located within 40 cm of the main deformation band;
these bands are also indicators of dip-parallel fluid movement in the Slick Rock Member.
Fluid that moved up-section from below the deformation bands may also have traveled
vertically through the capsules of undeformed host rock within deformation band fins,
evidenced in the extensive iron staining and mineralization internal to fins at ISS sites
(e.g. Figure 29; Figure 50; Figure 62), and regions of poikilotopic cementation
constrained between bands within fins (Figure 58). Iron- and calcite-filled fractures in
fins are typically oriented parallel to the fin strike; rather than indicating lateral fluid
movement along the fin axis itself, this may have been caused by fluid moving up
through the fin and filling existing open spaces which had formed parallel to strike. As
there are no field examples of fins with directly overlying caprock, it is uncertain how the
fluids traveling within deformation band fins may interact with the seal-reservoir
interface, or how fins may be associated with interface breach and offset.
We conclude that the caprock-reservoir interface can leak if breached by faulting.
The faults and fractures involved in fluid leakage from the reservoir are at the cm to 10s
of m scale, and are not resolvable in seismic reflection data. Therefore, it is necessary to
use conceptual models such as the one presented in Figure 93 to motivate and design
subsurface models, to simulate fluid interaction with small leaky faults. One example is
the work done by Pasala et al. (2013). Their modeling used similar leaky meso- and
microscale structures to create the model domain for their study, which examined the
behavior of injected CO2 in a model with anisotropic permeability in the deformation
band. It is also important to emphasize that not all interface field exposures are
breached, even with deformation bands that reach the interface itself (e.g., Figure 20).
Modeling should take both possibilities into account. Future studies to examine the

variation of features that may lead to breach, particularly the relationship between
deformation band cluster density and interface breaching, can further refine these
subsurface models.
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CONCLUSIONS
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We examined interface deformation bands and freestanding deformation band
fins to describe the nature and timing of fluid movement and deformation in the Entrada
Sandstone, identifying mineralized fractures and cementation features as evidence of
fluid flow from the Slick Rock Member reservoir into the Earthy Member caprock in
connection with deformation bands. Based on outcrop and microscopic description of
deformation and fluid flow evidence at and near the Entrada Sandstone Earthy-Slick
Rock Member interface in Iron Wash, we propose that mesoscale faults can act as seal
bypass systems and allow fluid leakage from reservoir rock into overlying less permeable
rocks.
Deformation bands in the Slick Rock Member transition into open fractures in
the Earthy Member. At sites where the interface is thus breached, fractures are
frequently mineralized with calcite and iron oxide, and some fracture bleaching haloes
are evident. Where the interface is intact, we observed fractures in the Earthy Member
that did not connect to deformation bands, and did not observe evidence for ancient fluid
movement in either member. No interface deformation band sites in this study had any
concretions, mineralized veins, or poikilotopic cementation in the Slick Rock Member,
though Rasmusson (2016) observed at least one hematite vein in the Slick Rock Member
at a location between ISS-1 and ISS-6 (their Figure 25). However, band 3D exposure is
very shallow at interface sites, and thus we have limited confidence in what additional
fluid flow evidence might be present. At deformation band fin sites, we described
additional evidence of fluid presence and movement within and adjacent to the fin
bands, including poikilotopic cementation, calcite and iron oxide mineralized fractures,
iron oxide staining, and concretion ribs and fingers. Features are observed both on the

outer surfaces of the bands, and between bands internal to the fins. Neither
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microscopic nor outcrop observations indicate deformation occurred postmineralization.
We hypothesize that at breached-interface sites, most fluids escaped into the
Earthy Member through open-mode fractures connected or close to deformation bands.
This resulted in minimal mineralization in the Slick Rock Member, and completely filled
fractures in the Earthy Member. Similarly, fluids moving through and around fins in the
Slick Rock Member left concretions and mineralized features within fins as evidence of
their presence, implying that the now-lost interface above fins was not breached as we
see at ISS-6, and fluids associated with fins did not escape the Slick Rock Member.
Further study of the interface exposures directly west of Iron Wash fins is needed to test
whether fins may indicate an uncrossed interface site.
We propose that deformation band faults acted as both conduits for and barriers
to fluid movement. This presents a potential risk for fluid injection projects such as CO2
sequestration and waste fluid injection. We show that preexisting and injection-induced
fractures can lead to fluid escape from the target reservoir. Deformation bands
compartmentalize migrating fluids. This can isolate fluid away from existing fractures,
but has a risk of inducing new fractures and seal bypass pathways due to the increased
pressure from the trapped injected fluid (Pasala et al., 2013). Fluids originating below a
reservoir are also channeled along and through bands in the reservoir, potentially
guiding fluids directly to the open fractures often found in association with deformation
bands.
Mesoscopic deformation of the type we examine here is not visible at current
seismic reflection scale; therefore, it is critical to evaluate the deformation history and
stress field of potential injection sites at the outcrop level. Deformation band fins can

allow internal vertical fluid transport, but the nature of fin interaction with the Earthy-
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Slick Rock Member interface is uncertain. To understand the possible risks posed by fins
intersecting the interface, additional deformation band fin sites with extant caprock need
to be evaluated. The factors that contribute to interface breaching are of particular
interest – what variations in porosity, cementation, grain size and sorting, slip amount,
or deformation band cluster density are associated with breached interface sites
compared with un-breached sites? Similarly, what causes thicker or denser deformation
band fins to form when compared to simpler band structures? Comparison of
undeformed host rock adjacent to simple bands with matrix lenses inside fins may give
insight to these questions. Fracture density patterns relative to deformation bands and to
the Iron Wash fault should also be examined along the interface south of ISS-9 to look
for north-south patterns in fault throw and slip vectors closer to the Iron Wash fault,
with particular focus on accessible, excavated interface exposures. In-depth study of
elongate concretions and iron oxide marbles may reveal useful details about the flow
history of Iron Wash.
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APPENDICES

ISS site
1
1
1
1
1
1
1
1
1
2
2
2
2
WP-122
WP-123
WP-123
WP-123
3
3
3
3
3
3

Sample ID
IW 102111-1
IW 102111-10
IW 102111-3
IW 102111-4

IW 102111-5

IW 102613-1
IW 8711-Jee

IW 8911-4a, -4b

IW 8911-7,8
IW 81011-1
IW 81011-3a
IW 81011-3b
IW 8911-float2
IW 102111-6
IW 8811-2
IW 8811-3
IW 8811-4
iron fingers
ironcrust
IW 5
IW 81011-2
IW 8711-1
IW 8811-5

TABLE A1. SAMPLES COLLECTED AT ISS FIELD LOCATIONS
Orientation
Slide made?
Notes
330°/83°N
N
290°/63°S
Y
From the main band-parallel face
252°/75°
Y
N.D.
N
Earthy Member
Float sample adjacent to 102111-4;
N.D.
N
slight bleached rim around band
N.D.
Y
Earthy Member
345°/V
Y
240°/60° (slickenside)
200°/V (face perpendicular to band)
Y
330°/71° (face parallel to band)
Fracture strikes: 210°, 110°
N
100°/57°
N
N.D./50°
Y
105°/53°N
Y
N.D.
Y
Float
325°/65°S
N
110°/70°
Y
105°/70°
Y
55°/74°
N
N.D.
N
N.D.
Y
N.D.
Y
90°/58°
Y
85°/88°
Y
N.D.
Y

APPENDIX A. HAND SAMPLE CATALOG

100

5

IW 102111-11

IW 102111-12
5
IW 102111-7
5
IW 102111-8
5
IW 102111-9
5
IW 102713-float
7
IW marble float
8
carmine
9
IW 102712-3
9
IW 102713-9b
9
IW 102713-9c
9
IW 102813-187
9
IW 81011-10
N.D.
IW 81011-16
N.D.
IW 81011-1c
N.D.
IW 81011-7
N.D.
IW 8711-2
N.D.
IW 8911-2
N.D.
*N.D. = not determined.

ISS site
3
3
3
3a

Sample ID
IW 8811-6
IW 8811-8
IW 8911-float
IW 8811-1
185°/89°S
317°/87°N
N.D.
300°/88°S
N.D.
N.D.
N.D.
251°/75°
N.D.
291°/78°N
305°/52°N
N.D.
N.D.
90°/55°
115°/69°
190°/N.D.
285°/69°

208°/87°W
N
N
N
Y
N
Y
N
Y
Y
Y
Y
N
N
N
N
Y
Y

Y

TABLE A1, CONTINUED
Orientation
Slide made?
290°/55°
Y
N.D.
Y
N.D.
Y
100°/69°
Y

Float

Earthy Member, minimal
bleaching
Earthy Member, bleached zone
Earthy Member, mineralized
Float
North Band
Float
Float
Float

Float

Notes
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IW 102111-10
IW 102111-3
IW 102613-1
IW 8711-Jee-1
IW 8711-Jee-2
IW 8911-4a
IW 8911-4b-1
IW 8911-4b-2
IW 81011-3a
IW 81011-3b
IW 8911-float2-dip
IW 8911-float2-strike
IW 8811-2-a
IW 8811-2-b
IW 8811-3
ironcrust-a
ironcrust-b
IW 5
IW 81011-2
IW 8711-1
IW 8811-1-a
IW 8811-1-b
IW 8811-5
IW 8811-6
IW 8811-8

Sample ID

TABLE B1. THIN SECTIONS PREPARED FROM ISS SAMPLES
Entrada
Deformation
Iron
Site #
Poikilotopic cement
member
band
oxide
Slick Rock
1
x
Earthy
1
Earthy
1
Earthy
1
Earthy
1
Slick Rock
1
x
Slick Rock
1
x
Slick Rock
1
x
Slick Rock
2
x
x
Slick Rock
2
x
x
Slick Rock
2
x
Slick Rock
2
x
Slick Rock
WP-123*
x
Slick Rock
WP-123
x
Slick Rock
WP-123
x
Slick Rock
3
x
Slick Rock
3
x
Slick Rock
3
x
x
Slick Rock
3
x
x
Slick Rock
3
x
x
Slick Rock
3
x
Slick Rock
3
x
Slick Rock
3
x
x
Slick Rock
3
x
Slick Rock
3
X
x
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x
x
x
x

Mineralized
fracture
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TABLE B1, CONTINUED
Entrada
Deformation
Iron
Sample ID
Site #
member
band
oxide
IW 8911-f
Slick Rock
3
x
x
IW 102111-11-a
Earthy
5
IW 102111-11-b
Earthy
5
IW 102111-9
Slick Rock
5
x
IW marble
Slick Rock?
8
x
x
IW 102712-3
Slick Rock
9
x
x
IW 102713-9b-1
Slick Rock
9
x
x
IW 102713-9b-2
Slick Rock
9
x
x
IW 102713-9c-1
Slick Rock
9
x
x
IW 102713-9c-2
Slick Rock
9
x
x
IW 102813-187
Slick Rock
9
x
x
IW 8711-2-a
Slick Rock
3?
x
IW 8711-2-b
Slick Rock
3?
x
†
IW 8911-2-a
Slick Rock
N.D.
x
IW 8911-2-b
Slick Rock
N.D.
x
*WP = waypoint; referred to as Location in main text.
†N.D. = not determined
Poikilotopic cement

x

Mineralized
fracture
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Figure B1. Thin sections prepared from ISS samples.

104

Figure B1, continued.

105

Figure B1, continued.

106
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APPENDIX C. SCANLINE DATA

TABLE C1. ONE-METER SCANLINE ON ISS-6 SLICK ROCKEARTHY MEMBER INTERFACE
Location: 38°44’50.47”N 110°28’11.76”W; az: 185°
Intersection (cm)
Strike

Dip

Feature type
Fracture, Earthy
5
310°
86°N
Member
Fracture, Earthy
14
301°
86°N
Member
Fracture, Earthy
38
311°
90°
Member
Deformation
40
255°
66°N
band
Fracture, Earthy
82
319°
84°N/86°S*
Member
*Fracture changes orientation from 84°N to 86°S 5 cm above the scanline.

TABLE C2. ONE-METER SCANLINE ON ISS-1 INTERFACE AT DEFORMATION BAND
Location: 38°44’49.12”N 110°28’11.95”W; az: 232°
Intersection (cm)
Strike

Dip

5

296°

90°

36

300°

90°

50

297°

68°S

63

303°

90°

97

301°

86°N

Feature type
Fracture, Earthy
Member
Fracture, Earthy
Member
Deformation
band; fracture,
Earthy Member
Fracture, Earthy
Member
Fracture, Earthy
Member

TABLE C3. ONE-METER SCANLINE ON ISS-1 INTERFACE, APPROXIMATELY
2 M SOUTH OF MAIN DEFORMATION BAND
Location: 38°44’49.10”N 110°28’11.99”W; az: 191°
Intersection (cm)
Strike

Dip

22

90°

316°

Feature type
Fracture, Earthy
Member
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TABLE C4. ONE-METER SCANLINE ON ISS-5 INTERFACE,
SOUTH DEFORMATION BAND FIN
Location: 38°44’41.83”N 110°28’19.86”W; az: 160°
Intersection (cm)
Strike

Dip

0

311°

88°N

38

297°

80°N

50

301°

85°N

66

274°

88°S

71

298°

90°

79

304°

86°N

94

286°

85°N

100

285°

83°N

Feature type
Fracture, Earthy
Member
Fracture, Earthy
Member
Fracture, Earthy
Member
Fracture, Earthy
Member
Fracture, Earthy
Member
Fracture, Earthy
Member
Fracture, Earthy
Member
Deformation
band; fracture,
Earthy Member

TABLE C5. ONE-METER SCANLINE ON LOCATION 178 INTERFACE
Location: 38°44’32.92”N 110°28’31.08”W; az: 290°
Intersection (cm)
Strike

Dip

4

225°

70°N

28

259°

67°N

Feature type
Fracture, Earthy
Member
Deformation
band
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APPENDIX D. SCHMIDT HAMMER DATA

TABLE D1. SCHMIDT HAMMER REBOUND VALUES (R) AT ISS-1
Test
1

Test
2

Test
3

Test
4

Test
5

Test
6

Average

A1

16

N.T.†

N.T.

N.T.

N.T.

N.T.

16

A2

14

20

23

N.T.

N.T.

N.T.

19

A3

28

22

24

25

N.T.

N.T.

24.75

A4

18

N.T.

N.T.

N.T.

N.T.

N.T.

18

A5

N.R.*

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

A6

12

14

18

12

16

14

14

A7

N.R.

N.T.

N.T.

N.T.

35

14

20

11

B2

N.R.

N.T.

N.T.

B3

N.R.

N.T.

N.T.

B4

18

N.T.

N.T.

B5

14

N.T.

N.T.

B6

N.R.

N.T.

N.T.

B7

20

23

20

C1

44

N.T.

N.T.

C2

38

N.T.

N.T.

C3

37

N.T.

N.T.

C4

18

18

N.T.

C5

18

10

14

C6

N.R.

N.T.

N.T.

C7

N.R.

N.T.

N.T.

D1

22

13

32

D2

21

30

30

D3

25

26

28

D4

22

15

21

D5

N.R.

N.T.

N.T.

D6

17

N.T.

N.T.

D7

N.R.

N.T.

N.T.

E1

26

25

30

N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.

N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.

N.T.

B1

N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.
N.T.

Grid Point
Slick Rock Member

20
N.T.
N.T.
18
14
N.T.
21
44
38
37
18
14
N.T.
N.T.
22
27
26
19
N.T.
17
N.T.
27
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TABLE D1. CONTINUED
Test
1

Test
2

Test
3

Test
4

Test
5

Test
6

E2

24

30

N.T.

E3

14

25

18

E4

16

25

N.T.

16

25

N.T.

E6

42

44

24

34

N.T.
N.T.
N.T.
N.T.
N.T.

N.T.
N.T.
N.T.
N.T.
N.T.

20.5

E5

N.T.
N.T.
N.T.
N.T.

E7

N.R.

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

F6

N.R.

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

F7

N.R.

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

G6

20

26

N.T.

N.T.

N.T.

N.T.

23

2

10

10

N.T.

N.T.

N.T.

N.T.

10

3

10

N.T.

N.T.

N.T.

N.T.

N.T.

10

4

8

N.T.

N.T.

N.T.

N.T.

N.T.

8

5

N.R.

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

6

N.R.

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

7

N.R.

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

8

N.R.

N.T.

N.T.

N.T.

N.T.

N.T.

N.T.

Grid Point

Average

Slick Rock Member
27
19
20.5
36

Earthy Member

9a (bedding parallel)
18
N.T.
N.T.
N.T.
N.T.
N.T.
18
9b (bedding
13
N.T.
N.T.
N.T.
N.T.
N.T.
13
perpendicular)
10
22
N.T.
N.T.
N.T.
N.T.
N.T.
22
Note: Testing grid locations are shown in Figure 10 of the main text.
*N.R. = no result; in these tests, the rock was damaged without returning an R-value.
†N.T. = no test

Score
64
51
36
24
18

Score
71
23

0
32

Score
56
39
28
5

Reference code
04-006-1757
04-006-6528
04-003-3330
01-071-4513
00-040-1288

Reference code
04-006-1757
00-058-2026

04-012-4924
04-015-8438

Reference code
01-077-8621
04-004-2224
04-003-3330
04-014-5270

TABLE E1. XRD PATTERN LIST FOR SAMPLE IW 102613-1
Compound name
Scale factor
Silicon Oxide
0.985
Calcium Carbonate
0.202
Iron
0.017
Titanium Oxide
0.024
Manganese Sulfide
0.011

Chemical formula
SiO2
Ca(CO3)
Fe
TiO2
MnS

TABLE E3. XRD PATTERN LIST FOR SAMPLE IW 81011-1C
Compound name
Scale factor
Silicon Oxide
0.915
Manganese Sulfide
0.020
Iron
0.006
Manganese Oxide Silicate
0.018

Chemical formula
SiO2
MnS
Fe
Mn7(SiO4)O8

TABLE E2. XRD PATTERN LIST FOR SAMPLE IW 8911-4B
Compound name
Scale factor
Chemical formula
Silicon Oxide
0.836
SiO2
Sodium Calcium Iron Aluminum Silicate
0.425
(Na,Ca)0.3Fe2(Si,Al)4O10(OH)2·xH2O
Hydroxide Hydrate
Magnesium Carbonate
0.014
Mg(CO3)
Iron
0.007
Fe
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Score
53
40
24
15
11

Score
56
42
11
20

Score
75
40
39

Reference code
01-077-8621
04-002-1061
04-008-2472
04-014-5269
01-075-0673

Reference code
01-077-8621
04-003-5611
04-002-9082
04-007-2148

Reference code
01-085-0865
01-072-4582
04-003-3330

Chemical formula
SiO2
Fe
V2MnO4
Mn7(SiO4)O8
MgSO4(H2O)7

TABLE E6. XRD PATTERN LIST FOR SAMPLE IW 8811-8
Compound name
Scale factor
Silicon Oxide
0.608
Calcium Carbonate
0.049
Iron
0.009

Chemical formula
SiO2
Ca(CO3)
Fe

TABLE E5. XRD PATTERN LIST FOR SAMPLE IW 8911-FLOAT2
Compound name
Scale factor
Chemical formula
Silicon Oxide
0.794
SiO2
Iron
0.013
Fe
Calcium Carbonate
0.019
Ca(CO3)
Tungsten
0.019
W

TABLE E4. XRD PATTERN LIST FOR SAMPLE IW 81011-3B
Compound name
Scale factor
Silicon Oxide
0.491
Iron
0.035
Vanadium Manganese Oxide
0.016
Manganese Oxide Silicate
0.026
Magnesium Sulfate Hydrate
0.335

112

Score
39
38
34
0
13

Score
48
40
38
25
16
8

Score
51
42
29
7

Reference code
04-015-7194
04-003-3330
04-004-2224
00-026-0918
01-089-1305

Reference code
01-077-8621
04-013-2116
04-006-6419
04-004-2224
01-089-3615
00-018-0276

Reference code
01-077-8621
04-003-5611
04-015-8305
00-001-0401

Chemical formula
SiO2
Fe
MnS
K0.2Na0.8Cl
(Mg0.06Ca0.94)(CO3)

TABLE E9. XRD PATTERN LIST FOR SAMPLE IW 102713-F
Compound name
Scale factor
Silicon Oxide
0.602
Iron
0.011
Tungsten
0.029
Iron Oxide Hydrate
0.039

Chemical formula
SiO2
Fe
W
Fe2O3·H2O

TABLE E8. XRD PATTERN LIST FOR SAMPLE IW 102111-11-B
Compound name
Scale factor
Chemical formula
Silicon Oxide
0.633
SiO2
Calcium Magnesium Carbonate
0.299
Ca0.936Mg0.064(CO3)
Iron
0.023
Fe
Manganese Sulfide
0.147
MnS
Sodium Chloride
0.081
NaCl
Calcium Aluminum Silicate Hydroxide
0.043
CaAl2(Si2Al2)O10(OH)2

TABLE E7. XRD PATTERN LIST FOR SAMPLE IW 8811-1
Compound name
Scale factor
Silicon Oxide
0.397
Iron
0.011
Manganese Sulfide
0.019
Potassium Sodium Chloride
0.029
Magnesium Calcium Carbonate
0.020
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Score
56
41
32
36
12

9

8

Score
50
21
4
42
19

Score
78
36

Reference code
01-077-8621
04-003-3330
04-004-2224
04-015-9348
01-081-8777

00-058-2026

01-075-0673

Reference code
01-077-8621
04-004-2224
00-001-0401
04-002-1061
04-004-8468

Reference code
01-085-0794
04-003-3330

TABLE E12. XRD PATTERN LIST FOR SAMPLE IW 102813-187
Compound name
Scale factor
Chemical formula
Silicon Oxide
0.772
SiO2
Iron
0.013
Fe

TABLE E11. XRD PATTERN LIST FOR SAMPLE IW 102712-3
Compound name
Scale factor
Chemical formula
Silicon Oxide
0.764
SiO2
Manganese Sulfide
0.013
MnS
Iron Oxide Hydrate
0.025
Fe2O3·H2O
Iron
0.004
Fe
Tungsten
0.036
W

TABLE E10. XRD PATTERN LIST FOR SAMPLE IW MARBLE
Compound name
Scale factor
Chemical formula
Silicon Oxide
0.551
SiO2
Iron
0.044
Fe
Manganese Sulfide
0.038
MnS
Tungsten
0.025
W
Calcium Magnesium Manganese Iron
0.029
(Fe0.76Mn0.15Mg0.09Ca0.01)(CO3)
Carbonate
Sodium Calcium Iron Aluminum Silicate
0.126
(Na,Ca)0.3Fe2(Si,Al)4O10(OH)2xH2O
Hydroxide Hydrate
Magnesium Sulfate Hydrate
0.118
MgSO4(H2O)7
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Figure E1. X-ray diffraction pattern, sample IW 102613-1.
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Figure E2. X-ray diffraction pattern, sample IW 8911-4b.
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Figure E3. X-ray diffraction pattern, sample IW 81011-1c.
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Figure E4. X-ray diffraction pattern, sample IW 81011-3b.
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Figure E5. X-ray diffraction pattern, sample IW 8911-float2.
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Figure E6. X-ray diffraction pattern, sample IW 8811-8.
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Figure E7. X-ray diffraction pattern, sample IW 8811-1.

121

Figure E8. X-ray diffraction pattern, sample IW 102111-11-b.
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Figure E9. X-ray diffraction pattern, sample IW 102713-f.

123

Figure E10. X-ray diffraction pattern, sample IW marble.
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Figure E11. X-ray diffraction pattern, sample IW 102712-3.
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Figure E12. X-ray diffraction pattern, sample IW 102813-187.

126
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APPENDIX F. GPS WAYPOINT COORDINATES

TABLE F1. WAYPOINT LOCATIONS IN IRON WASH, UTM 12S
Point
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

Timestamp

Latitude

Longitude

27-OCT-12 10:59:58AM
27-OCT-12 11:05:02AM
27-OCT-12 11:14:58AM
27-OCT-12 11:24:48AM
27-OCT-12 11:44:43AM
27-OCT-12 11:49:08AM
27-OCT-12 12:02:38PM
27-OCT-12 12:06:41PM
27-OCT-12 12:16:56PM
27-OCT-12 12:31:21PM
27-OCT-12 12:50:34PM
27-OCT-12 12:55:45PM
27-OCT-12 1:13:29PM
27-OCT-12 1:25:04PM
27-OCT-12 1:34:47PM
27-OCT-12 1:46:01PM
27-OCT-12 1:55:17PM
27-OCT-12 2:05:04PM
27-OCT-12 2:11:24PM
27-OCT-12 2:20:31PM
27-OCT-12 2:34:23PM
27-OCT-12 2:41:00PM
27-OCT-12 2:48:20PM
27-OCT-12 2:52:48PM
27-OCT-12 3:00:41PM
27-OCT-12 3:05:39PM
26-OCT-13 9:41:37AM
26-OCT-13 11:09:58AM
26-OCT-13 12:09:49PM
26-OCT-13 12:48:04PM
26-OCT-13 12:51:06PM
26-OCT-13 12:58:40PM
26-OCT-13 1:58:00PM
26-OCT-13 4:00:31PM
26-OCT-13 4:18:35PM

38.746035000
38.746245000
38.746004000
38.744970000
38.744390000
38.744041000
38.743803000
38.743847000
38.743295000
38.743114000
38.742755000
38.742580000
38.742679000
38.742299000
38.742143000
38.741675000
38.741769000
38.741674000
38.741656000
38.741222000
38.741374000
38.741439000
38.741441000
38.741493000
38.741052000
38.740448000
38.745859000
38.747353000
38.748022000
38.747988000
38.748003000
38.748017000
38.744945000
38.744039000
38.744238000

-110.469995000
-110.471455000
-110.472833000
-110.472407000
-110.473763000
-110.474223000
-110.473856000
-110.474059000
-110.474148000
-110.475225000
-110.475385000
-110.475662000
-110.475584000
-110.475553000
-110.475791000
-110.475906000
-110.476149000
-110.476473000
-110.477105000
-110.476686000
-110.477574000
-110.478143000
-110.478604000
-110.479491000
-110.479870000
-110.479027000
-110.464442000
-110.469976000
-110.471619000
-110.471781000
-110.471698000
-110.471661000
-110.472216000
-110.474219000
-110.474624000

Altitude
(m)
1446.61
1440.09
1431.01
1438.50
1436.40
1439.51
1442.10
1441.61
1445.39
1439.30
1440.00
1440.09
1440.00
1440.21
1444.39
1447.10
1442.19
1438.90
1437.71
1447.89
1445.09
1442.89
1441.80
1441.00
1433.69
1456.61
1444.51
1437.89
1437.50
1438.29
1437.89
1437.59
1440.21
1439.51
1438.81

128
Point
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

TABLE F1, CONTINUED.
Timestamp
Latitude
26-OCT-13 4:25:18PM
26-OCT-13 4:38:23PM
26-OCT-13 4:49:09PM
26-OCT-13 4:56:43PM
26-OCT-13 5:06:35PM
27-OCT-13 8:57:39AM
27-OCT-13 9:53:22AM
27-OCT-13 10:18:29AM
27-OCT-13 10:43:35AM
27-OCT-13 11:56:35AM
27-OCT-13 11:57:48AM
27-OCT-13 12:22:18PM
27-OCT-13 12:58:05PM
27-OCT-13 1:08:04PM
27-OCT-13 1:24:32PM
27-OCT-13 1:30:04PM
27-OCT-13 1:34:29PM
27-OCT-13 1:41:09PM
27-OCT-13 1:52:14PM
27-OCT-13 2:42:54PM
27-OCT-13 2:56:53PM
27-OCT-13 3:23:37PM
27-OCT-13 3:33:36PM
27-OCT-13 3:48:32PM
27-OCT-13 3:56:26PM
27-OCT-13 4:20:54PM
28-OCT-13 9:12:41AM
28-OCT-13 9:49:24AM
28-OCT-13 9:54:23AM
28-OCT-13 9:59:58AM
28-OCT-13 10:15:17AM
28-OCT-13 10:39:23AM

38.744221000
38.744124000
38.744027000
38.743593000
38.741360000
38.740334000
38.744039000
38.743989000
38.743978000
38.743951000
38.743951000
38.743914000
38.743562000
38.743586000
38.743690000
38.743589000
38.743615000
38.743646000
38.743441000
38.742877000
38.742765000
38.742641000
38.742798000
38.742887000
38.742875000
38.741990000
38.742872000
38.743206000
38.743128000
38.743062000
38.743027000
38.742917000

Longitude
-110.474581000
-110.474487000
-110.474165000
-110.474049000
-110.469690000
-110.470210000
-110.474256000
-110.474134000
-110.474115000
-110.473959000
-110.473965000
-110.473881000
-110.475243000
-110.475048000
-110.474944000
-110.474892000
-110.474859000
-110.474505000
-110.474276000
-110.475337000
-110.475294000
-110.475723000
-110.476102000
-110.476436000
-110.476367000
-110.474045000
-110.476314000
-110.477375000
-110.477259000
-110.477024000
-110.477013000
-110.476575000

Altitude
(m)
1438.99
1439.69
1439.39
1446.09
1450.79
1451.70
1439.69
1439.69
1439.81
1439.91
1439.91
1440.52
1437.50
1437.99
1437.99
1438.20
1438.29
1439.91
1441.19
1439.91
1440.61
1440.21
1439.51
1439.69
1439.69
1455.12
1439.69
1431.80
1433.90
1436.80
1437.01
1439.60

